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INTRODUCTION

A.  BACKGROUND

The development of a variety of single-mode fiber systems has been the
subject of much effort during the last few years. These systems include
sensors for the detection of various environmental parameters such as rotation
(Reference 1), pressure or acoustic waves (Reference 2), electric or magnetic
currents, as well as high-speed signal processors, such as notch and bandpass
filters, transient memories and delay lines (Reference 3). Passive forms of
these optical systems have been successfully demonstrated in our own as well
as other laboratories, and await the development of active components for
improved performance,

Of all active devices, miniature lasers compatible with the round optical
fiber geometry are among the most strongly needed. The only miniature sources
currently available are laser diodes, but they present several intrinsic
problems, the most serious one being their poor optical coupling to single
mode fibers resulting from their strong beam astigmatism. As an alternative,
fiber lasers combine the advantages of potentially high energy confinement and
of a geometry perfectly matched to that of optical fibers.

A class of active fibers which has received much attention in the last
few years is single crystal fibers. As waveguides they allow one to transmit
energy at higher density over much longer distances than is the case with
their traditional bulk optic counterparts, which should yield tremendous
improvements in the efficiency of active and nonlinear optical devices. For
reasons of crystal growth dynamics associated with the small crystal

diameters, it may be possible to grow in fiber form the most perfect crystals
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yTL maue, Inciuaing crystals which cannot be usefully grown in bulk or
epitaxial form. Crystal fibers can also be grown much faster than bulk
crystals, so that a large variety of fiber crystals can be grown and
characterized on a much shorter time scale than allowed by more conventional
growth methods. These properties make single crystal fibers particularly
attractive for a number of applications in the fields of optics and acoustics.

Single crystal fibers were first grown at the Bell Telephone Laboratories
using a laser-heating pedestal growth technique (Reference 4). Nd:YAG fibers
grown by this method were pumped with LED's and made into cw lasers
(References 4 and 5). More recently a growth station operating on the same
principle was developed in the Center for Materials Research (CMR) at Stanford
University, and a large number of materials were grown in a single crystal
fiber form. Under a previous program, fibers of Nd:YAG grown at CMR were made
into optical pulse amplifiers with as much as 5.3 dB of gain (Reference 6).
For obvious reasons it was interesting to pursue this work and attempt

developing Nd:YAG fiber oscillators.
B. OBJECTIVE

The objective of this program was to study miniature solid-state laser
sources composed of a single-crystal Nd:YAG fiber (active medium) and of a
semiconductor injection laser diode (pump). The use of laser diode pumps was
proposed to achieve higher pump-to-fiber coupling efficiencies than obtained
by other authors with LED's (Reference 5). This program involved the growth,
processing, mirror coating and characterization of high quality single crystal
fibers of various dimensions, the demonstration of a practical arrangement for
efficient optical pumping of fiber lasers, and the evaluation of the resulting

fiber lasers. The program goal was the demonstration of a compact, LD-puniped
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1.064 um.
C. SUMMARY OF RESULTS

The results of the work performed under this contract and described in
this report may be summarized as follows:

l. For the purpose of laser research a large number of Nd:YAG fibers
were grown, with diameters ranging from 15 um to 250 um. Under another
program (Reference 7), major improvements were performed on the CMR growth
station, which yielded higher quality fibers and better diameter control.

2. A new type of holder was designed to receive the fibers. It
provides easy handling and mechanical protection of the fibers.

3. Using in-house facilities, it was shown that fibers mounted in this
fashion could be routinely polished to a flatness of A/4 or better over the
entire cross-section of the fibers.

4., A theoretical model of end-pumped lasers was developed. It
describes the output of a laser in terms of its threshold and energy
conversion efficiency, and expresses these two parameters as a function of
pump and signal mode spatial overlap., By introducing the concept of filling
factor, the effect of the modal structures of the interacting waves on the
laser threshold was simplified to a single additional parameter.

5. Applied to the case of guided fiber lasers, this theory provides a
simple and clear description of the dependence of the laser output
characteristic on the pump and signal modes and on the fiber parameters
(V-number). It also predicts that a fiber laser has an optimum energy

conversion efficiency for a V in the range of 5-25.
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Nd:YAG fibers end-pumped at 514.5 nm and placed in an external cavity made of
miniature mirrors. Thresholds as low as 2.6 mW were observed in ~ 100 um
diameter fibers, corresponding to round-trip losses of only a few percent.

7. In the lowest loss fiber lasers (~ 230 um in diameter) a maximum
slope efficiency of 31% and a maximum output power of 9 mW were measured.

8. Similarly, laser action was successfully demonstrated in Nd:YAG
fibers end-pumped with a single cw laser diode emitting near 820 nm. Again
the output was linearly polarized and single-mode. Thresholds as low as
3.9 mW were obtained.

9., The finite transverse size of the gain medium was found to induce a
strong signal mode confinement and actual guiding in most cases. This
resulted in a single transverse mode laser output (TEMOO). A1l lasers also
showed the same degree of polarization as the pump beam.

10. A1l fibers were uncooled and yet exhibited a good short term
stability. To the best of our knowledge this result constitutes the first
demonstration of uncooled Nd:YAG devices at such relatively high output power.

11. Under similar conditions, miniature crystals of Nd:YAG were tested
in a laser environment, both with 514.5 nm and 820 nm pump beams. Results
showed excellent laser behavior and were conveniently used throughout this

work for comparison to fiber laser behavior.

12, Measurements on fiber lasers with diameters ranging from 80 to
230 um were in excellent agreement with our theoretical model. They were

consistent with a value of the material stimulated emission cross-section of

o=2.3x%x 1072 m?



13. Comparison of bulk and fiber laser operations indicated that fiber
lasers exhibited a somewhat higher cavity loss, as well as a higher gain per
unit power .

14. No measurable differences were found in the spectroscopic parameters
of bulk crystals versus fibers of Nd:YAG.

15. An extensive loss mechanism analysis was performed which clearly
demonstrated that these two differences (see item 13) were due to signal
aperturing by the fiber. Aperturing was found to be caused by residual
crystal bulk defects in larger diameter fibers, and surface scattering in
smaller diameter fibers. This provides additional proof that these are
actually the first guided Nd:YAG fiber lasers demonstrated so far.

16. Work was initiated on the characterization and use as a pump source
of a.high-power laser diode array with an output power of ~ 140 mW at
~ 820 nm. When implemented in Nd:YAG fiber lasers it should yield several
tens of milliwatts of 1.064 um output power.

17. Future work will concentrate on fiber quality and ioss reduction.

The recent completion of a new fiber growth station in the Ginzton Laboratory

should speed up this process.
D. GENERAL PLAN

The research activities under this program have followed several
directions, and for the sake of clarity this report addresses them in six

sections numbered Il through VII. The content of these sections is as

follows:
Section II. Nd:YAG fiber preparation and characterization,

S :tion IIl. Theory of modal overlaps in fiber lasers.
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lasers,

Section V, Experimental work on 820 nm pumped bulk and fiber Nd:YAG
lasers.

Section VI. Experimental analysis of residual loss in fiber laser
cavities.

Section VII, Conclusions of this work and future directions.
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SECTION II
Nd:YAG FIBER PREPARATION

In this section we describe the growth process of the Nd:YAG single
crystal fibers used in the present work. The growth station is described in
some detail, together with the major improvements that it underwent since this
program began. As an introduction to the development of fiber lasers we also
summarize the physical properties of the Nd:YAG fibers grown with this
station. The last section is devoted to the work done under this as well as
other programs on the subject of fiber processing, which includes fiber end

preparation and fiber cladding.
A. FIBER GROWTH

The single crystal fibers used in this work were grown at the Center for
Materials Research (CMR) at Stanford University using a growth station
developed two years ago (References 4,8). It implements the so-called
floating-zone pedestal growth technique, related to the more widely known
Czochralski method. The crystal fiber is grown from a melt produced by a
high-power cw CO, laser (Reference 8). In the configuration of the CMR growth
station, the laser beam is split into two beams which are redirected and
focused from opposite directions on a small rod of material to produce a
molten bead held by surface tension (Figure 1) (Reference 8). A platinum
wire, or a seed crystal, is dipped into the melt, and the fiber is grown by
translating the parent rod and seed upward with different velocities (Vg
and V¢ , respectively). The diameter of the new crystal dg (fiber) is

determined by mass conservation according to df = (VS/Vf)l/2 dS » where

d; is the source rod diameter. Since the source rod diameter is on the order of

0.5 - 1.0 mm, while typical diameter reductions are in the range of 2 - 4:1, a



SEED ( FINE WIRE

\
OR ORIENTED CRYSTAL )

/— CRYSTAL FIBER

CO- BEAMS

MELT ( STATIONARY) /

Figure 1--Schematic of the Floating-Zone Technique
used to grow Single-Crystal Nd:YAG Fibers.



few iterations of the above growth process are required to achieve fiber
diameters in the 10-100 micron range of interast for optical device
applications. In iterative steps the previously grown fiber is used as a
parent to grow the next generation fiber.

A schematic of the optical circuit and associated systems is shown in
Figure 2. The laser output power is monitored with a thermal power meter and
is stabilized by feedback to the tube current based on the monitor signal. A
50/50 beam splitter divides the beam into two parts which are delivered
through a series of mirrors to two focusing lenses (f = 12.5 cm) arranged
diametrically opposed to one another to illuminate the melt zone with the
desired bilaterai symmetry. The minimum focal spot size produced is 250 wm.

The source rod and the fiber are held by means of miniature three-
jaw-chucks connected to independently driven lead screws. Motor speed control
is based on a feedback system with approximately 1% stability. Both chucks
are provided with variable rate rotation about their axes. Rotating either
the feed or the fiber during the growth process helps homogenization of the
heat distribution in the melt when growing from large parent rods (1 mm or
more).

The laser-heated pedestal growth presents several features that make it
unique in the single crystal growth technology. The use of tightly focused
laser beams makes possible very high temperature gradients and unusually high
growth rates, on the order of millimeters per minute. Because of the small

molten zone involved, very rapid heating and cooling can be achieved, and
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uniform dopant concentrations are possible. Very high temperatures can be
reached at relatively low laser power. Another advantage is that the quantity
of starting material required is minimal, and sample preparatior can be very
quick. The parent material can be in any solid form, including polycrystal-
line or amorphous forms, which makes possible the synthetization of new
crystals. Finally, this process does not require the use of a container, and
contamination problems are reduced. On the other hand, one of the major
limitations of this station is that in its present form it can only be used to
grow congruently-melting materials, i.e., materials whose liquid and solid
phases are in equilibrium with identical stoichiometric compositions.
However, this limitation is relatively minor as a large number of optically
active and nonlinear materials, such as refractory oxides, and in particular
Nd:YAG, do melt congruently. Also, it may be possible to broaden this
spectrum of materials by implementing alternative edge-defined growth methods,
such as a capillary method.

Several major improvements, performed under another program
(Reference 7), were implemented in the CMR growth station during the course of
the present work. Motors and motor gear driving the feed and pull mechanisms
were upgraded for a larger range of operation and better performance. Also,
ambient laboratory air currents, which were identified as a major source of
instability during the growth of smaller diameter fibers, were eliminated by
enclosing the growth area in an air-tight chamber. The chamber is equipped
with two lateral ZnSe windows for the transmission of the C0, beams, and with
glass windows for visual observation and control of the fiber during growth
with a variable magnification binocular microscope. The chamber also offers

the possibility of growing fibers under a controlled atmosphere, such as
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argon, oxygen or vacuum, depending on the requirements of the material grown,

A commercial diameter measurement unit was also acquired for control of
the fiber diameter as it is being grown. It provides measurements of the
diameter of the fiber, molten zone and source rod at different points to a
precision of 0.1 - 0.5 um depending on operating conditions. When interfaced
with a newly acquired computer, this unit will feed error signals back to the
laser power supply and/or to the motor drives to automatically compensate for
any departure of the fiber diameter from a pre-selected value,

A major improvement in crystal fiber diameter control has been observed
by implementing a variable C0, laser power attenuator in the growth station.
The attenuator is particularly useful when growing smaller diameter fibers
( < 200 um), which normally requires operation of the laser at low power with
a resulting increase in the laser output fluctuations. This addition also
significantly improved growth :ztability while reducing tie frequency of
adjustments required during the growth of several inch long fibers.

Finally, fiber diameter control was further improved by using 500 um
ground rods as a source material (instead of 1 mm square rods) prepared in-

house with a newly acquired centerless-grinder.
B. PHYSICAL PROPERTIES OF Nd:YAG FIBERS

To illustrate the potential of this crystal growth method, we have listed
in TABLE 1 some of the most important crystals grown to date with CMR
facilities together with the fiber characteristics (diameter, crystal
orientation) and their potential applications. LiNbO3 was grown in a variety
of diameters and crystal orientations. It has many applications which involve

its excellent electro-optic, nonlinear and ferroelectric properties. Single



‘ol ey LT

R L N P ] LA e .

A A . R &

TABLE 1

LIST OF SINGLE CRYSTAL FIBERS GROWN TO DATE (CMR)

MATERIAL ORIENTATION DIAMETER APPLICATIONS

Nd:YAG (111),(100) 600-15 ym Laser, Amplifier

Sapphire a,c 600-50 um Combustion Analysis

LiNb()3 a,c 800-150 ym Electro-Optic
Acousto-0Optic

Gdy(Mo04)4 (110) 600-200 um Ferroelastic

CaSc,y04 a,c 600-100 um Model

SrSc,04 600 um Model

YIG 600-100 um Isolator

Y,03:EU c 600-800 um

LizGe03 a,c 600-100 ym Raman Device

Nd:CaSc,U, ( 600 um Laser

BaF,/CaF, a,c 600-200 um IR

AgBr a 750 um IR guiding

KRS-5 750 pm IR guiaing

13 -
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phase fibers of GMO were also grown successfully, and are currently being
characterized for the development of acoustic devices. Calcium and strontium
scandates were also grown from hot-pressed rods. By doping CaScp04 with

~ 1% of neodymium with a novel and simple technique (Reference 9), good
quality, ~ 400 um diameter crystals were obtained, to the best of our
kiwowledge for the first time in this country. Other crystal fibers grown
include YIG with potential applications as optical isolators and circulators,
Eu:Y,04, Li,Gely (LGO) for use as a Raman optical frequency shifter, and
composite materials such as BaF,/CaF, for the study of the morphological
control of ferrc-electric domains in multiphase structures. Silver Bromide
(AgBr) and KRS-5 fibers were also grown recently for their good far infrared
guiding properiies.

However, Nd:YAG is the material which has been grown and studied most
extensively, mainly for optical evaluation of amplifiers and oscillators under
the present as well as other programs (References 6,7). Nd:YAG fibers are
typicall& grown at a rate of 1 mm/min, and with diameter reduction ratios of
2:1. A typical sequence of diameters obtained from successive growth of
Nd:YAG fibers is therefore 500 um (ground rod), 250 um, 120 um and 60 um. The
crystallographic orientation of these fibers is determined by the seed crystai
orientation. Although growth in other orientation directions have been
demonstrated (see TABLE 1), Nd:YAG has been customarily grown in the (111)
direction for easier end cleavage. This directionality is confirmed by the
hexagonal cross-section observed,

Fibers grown with this technique, pulled in lengths of about 3 - 4
inches, show shiny faces, and all display single crystal character as

confirmed by X-ray diffraction analysis. Unscratched fibers are surprisingly
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flexible and can tolerate relatively small radius bends before breaking.
Slight diameter fluctuations are also observed along the fiber length,
resulting from nonuniformities in the feed and pull drive mechanisms occurring
during the growth process. Typical diameter variations are 5% to 10%, while
they can be as low as a few percent along 5 - 10 mm long portions of the
fiber. The spatial period uf these surface ripples was measured to vary from
250 um to 600 um depending on the sample diameter and growth conditions.
Growth and diameter instabilities were, however, far lower than previously
reported (Reference 6) as a consequence of the various improvements
implemented in the growth station during the last year. This situation
allowed us in particular to grow Nd:YAG fibers with diameters as small as
15 um.  These new samples, grown from 100 um fibers in length of 1 - 3 cm,
show only 5 - 10% average diameter variations, which is actually satisfactory
since only very short (¢ = 2 mm) fibers are needed in this range of
diameter. This new result constitutes an improvement of the previous state of
the art by a factor of 2, and opens the way to the exciting domain of single-

mode single-crystal fibers.
C. FIBER PROCESSING

(1) End-Polishing

The physical quality of the end of a fiber, and in particular its
flatness, is important for most optical device applications. Surface quality
reflects on the phase front of the signal coupled into the fiber as well as on
the launching efficiency. It was therefore important to develop suitable
techniques to prepare the ends of single crystal fibers in a reliable and

repeatable manner.

- 15 -
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In an earlier program we showed that cleaved ends, obtained by breaking a
‘Nd:YAG fiber after scoring it with a diamond blade, yielded fairly nice end
faces perfectly suitable for the study of this type of fiber as a multimode
waveguide (Reference 6). However, in the present work it was important to
preserve the phase front of the optical signal as it travels back and forth
through the fiber laser, and more accurate preparation methods were sought.

Under the present contract, a number of polishing methods were
evaluated. In order to achieve a uniform, flat polish over the entire cross-
section of a fiver, it is preferable to provide the fiber with a holder that
increases its rigidity and prevents it from moving during the grinding and
polishing operations. One of our earliest attempts involved mounting one or
several fibers inside a glass capillary tube (0.D. ~ 5 mm). It appeared that
this method does not provide enough support to the fibers as the bonding agent
(epoxy) and the holder itself (glass) grind down faster than the harder Nd:YAG
fibers.,

To match the hardness of the holder to that of the fiber, subsequent
polishing jigs were made of Nd:YAG rods. Capillary tubes of this material
being difficult to fabricate, a slot is machined along the length of the rod
with a circular diamond saw. The slot, from ~ 220 um to 500 um wide, has a
flat bottom and runs to the center of the rod, as shown in Figure 3. The
holder outside diameter is typically 6 to 8 mm, while its length is tailored
to the desired fiber length. To assure rigidity and minimize the amount of
softer bonding agent, several fibers (5 - 15) are laid in the groove and
bonded into place. In the current embodiment the bonding agent used is a uv-
curing epoxy glue (Reference 10), which is cured overnight under a low power

uv lamp. After curing the fiber ends protruding from the edges of the holder
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Figure 3--Nd:YAG Fiber End-Face Polishing Fixture.
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are cut with a saw, and each end face is first ground, then polished, until
211 fibers show flat smooth ends. The fibers (and holder) can then be
optionally retrieved by removing the epoxy with an appropriate solvent.

Throughout this work, over one dozen such arrays of fibers were assembled
and polished successfully using our in-house facilities. Observation of the
polished fiber ends in an interferometric microscope showed less than one
fringe across each fiber end, corresponding to a flatness of better than A/4
suited to the requirements of our laser devices. Careful microscope
observation of the fiber ends also showed relatively good fiber edges, with
very few residual chippings and cracks on the fiber edge introduced by
polishing (Figure 4(a)). The yield was also quite good in general, as most
fibers showed that both faces had been polished.

More recently this method has been implemented to a slightly different
form of holder. Also, a new method has been developed which should yield
further improvement and faster processing. We refer the reader to the
following subsection and to Section VI-D for further information on the
subject of end-polishing.

2. (Cladding Single Crystal Fibers

One of our efforts toward device development, which has been in
progress under another program (Reference 7), was concerned with the
development of suitable claddings and cladding techniques for single-crystal
fibers. Since the techniques developed under that program are of interest to
the present work, we briefly review them in this section. They will be
available for adaptation to the needs of fiber oscillators under future

programs.



Figure 4(a)--Photograph of Polished Fiber Ends
(Array #16).

Figure 4(b)--Photograph of the Polished End of a
Nd:YAG Fiber Clad with SF-57 Glass
(Array #8) .
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One of the most important loss mechanisms in any type of optical fiber is
scattering due to diameter fluctuations of the surface of the guiding region
(core). In particular, as mentioned earlier, in single-crystal fibers the
outer surface generally shows some degree of irregularities which scatter the
optical signal and represent a loss mechanism., It can be shown by theoretical
analysis that this loss mechanism may be greatly attenuated by placing a
cladding with an appropriate refractive index around the fiber core (Reference
11). In essence, the cladding reduces the number of guided fiber modes to
which the optical signal mode (presumably the fundamental mode) may be coupled
by the fiber diameter perturbation., The effectiveness of the cladding at
reducing scattering losses is thus directly related to the index difference
an between the core and the cladding (Reference 11). Consequently, losses
are minimized by making &n as small as possible (&n should however remain
positive for waveguiding to be possible). For example, in a typical low-loss
commercial glass fiber the core is surrounded by a cladding material with a
slightly lower refractive index than that of the core, which isolates the core
from the outside world and reduces scattering losses. Because glass fibers
are generally fabricated by a pulling process, the core/cladding interface is
smooth and the losses can be very low. Clearly a second advantage of cladding

crystal fibers is that it reduces the number of guided modes the fiber can
support, which is an important step towards the development of single-mode
crystal fibers.

To reduce scattering losses and make crystal fiber devices practical we
tried to partially reproduce the circumstances occurring in glass fibers by
providing an appropriate cladding to single crystal fibers. Suitable

materials and means for placing them on the outside of a Nd:YAG single crystal
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fiber were investigated. A number of potential cladding materials and
cladding deposition techniques were identified, covering a wide range of
difficulty levels in realization and appiications. Potential materials
include liquids and waxes, gels, epoxies or solids. Possible deposition
methods include extrusion, sputtering or in- and out-diffusion. This last
technique, which relies on the implantation of chosen impurities or removal of
some crystal constituents at the periphery of a crystal fiber to locally
reduce its index, may provide the most flexible control of index profile.
Alternatively, because of the availablity of liquids with any index between
~ 1.3 and 2.2, liquid claddings seem to be good candidates for an immediate
approach. However, in view of the stability, hardness and appropriate range
of indices offered by a variety of solids, most of our effort to date was
devoted to experimental investigations of solid claddings.

Calculations show that a cladding thickness on the order of 10 um should
be enough for fibers with core diameters larger than 50 um. A promising way
to achieve this goal is to use a sputtering method. In view of the potential
of this approach, an existing in-house sputtering station was modified to the
necessities of sputtering on cylindrical surfaces such as fibers. A motor was
installed in the vacuum station that rotated the fiber about itself to present
its entire outer surface to the flux of plasma. Since several continuous
hours of operation are required to attain sputtered layers of several microns,
a cooling system was mounted on the motor stage to prevent failure by
overheating.

A promising material to sputter onto Nd:YAG is undoped YAG, which would
provide a &n of about 1.1 x 10~3 at 1.06 um (Reference 12). However,

because of the high cost of this material, preliminary sputtering runs were
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performed with a quartz target (n =1.46). Both commercial silica fibers

(0D = 80 um) and Nd:YAG fibers ( OD=100 ym ) were used. On silica fibers,
cladding was sputtered for 5 to 9 hours, leading to measured deposition rates
of about 2 um/hour. Although the process is slow, SEM photographs of the
cladding surface and of cross sections of the clad fibers showed good adhesion
to the fiber cores. The cladding thickness, up to 13 um, is in general fairly
uniform along the fiber length, with a slight tapering toward the ends of the
fiber (~ 4%/cm), located further away from the target. No cracks are
noticeable on the cladding surface although some blisters developed, a
situation which is not unusual on thick sputtered films. Insofar as the
cladding is thick enough these imperfections should induce no additional
signal loss.

Nd:YAG fibers clad by the same process yielded similar results. Again
the core/cladding interface observed under SEM seems to be very smooth. The
cladding surface was free of defects, probably as a result of uninterrupted
deposition runs. The cladding, typically 10 um thick, appeared somewhat
brittle, which could be alleviated by annealing the clad fibers to relieve
residual material stresses.

Sputtering of sapphire (n = 1.7) on Nd:YAG fibers yielded unsatisfactory
results as the target shattered under the high-energy impact of the plasma
beam, Sapphire sputters very slowly, and with lower energy beams deposition
times become prohibitively long.

As an alternative, high-index glasses can be advantageously used as
cladding materials, as they offer a wide range of optical properties at very
low cost. A high-index lead-doped glass (SF57) (Reference 13) was selected

because of the similarity of both its refractive index (n~ 1.82) and



expansion coefficient with that of Nd:YAG. Another important property of this
type of material is that its refractive index depends on the cooling rate
applied during fabrication. By annealing the material (above ~ 200°C for
SF57) after deposition and controlling its cooling rate, the cladding index
can be tailored to any desired value.

Attempts at ion-sputtering SF57 glass on Nd:YAG fibers were so far
unsuccessful as the material undergoes significant structural damage under the
impact of even the lowest energy plasma beams. Although deposition rates on
the order of 10 wm/hour and cladding thicknesses up to 50 um were obtained,
microscope investigation of the fibers clad in this process reveals
inhomogeneous layered claddings permeated with cracks.

On the other hand, 1iquid phase deposition of high-index glasses on
Nd:YAG fibers yielded very promising results while providing the solution to
other problems as well. The low glass melting temperature (~ 400°C) and the
similarity of its expansion coefficient to that of Nd:YAG make possible the
deposition of molten glass onto Nd:YAG fibers without affecting the crystal
structure or introducing critical internal stresses. A first cladding method
involved dipping the fiber into a melt of the high-index glass and slowly
pulling it out. Tou center the fiber in the cladding, funnel-1ike quartz

crucibles were constructed with a long narrow orifice at the bottom through

which the fiber is pulled. In early attempts the crucible was heated with a

flame, but the use of heating wire coiled around the neck and main frame of
the crucible greatly improved the uniformity of the melt. Finally a motorized
feed was used for greater cladding thickness uniformity and reproducibility.
Using this method, fairly thick claddings were obtained, on the order of

200 pm (total clad fiber diameter ~ 500 um). Very few small bubbles were seen

within the cladding, but nore near the fiber core where they would be
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detrimental. Cladding adhesion and strength were found to be better than that
of sputtered claddings. However, a major problem was encountered in that the
clad fiber was often bent (radius ~ 100 cm) probably because of asymmetric
stresses associated wth a less than ideal centering of the fiber core.
Annealing did not cure the problem.

To circumvent this difficulty a second method was developed which
involves mounting the fiber inside a capillary tube using high-index glass as
both cladding and bonding agents. The outside diameter of the tube is large
enough (2 3 mm) to facilitate handling and subsequent fiber end polishing.
Early attempts used flint glass tubes, Nd:YAG fibers and SF57 glass. After
firing at 600°C in an oven (during which the high-index glass melts and flows
into the capillary) and cooling, the holder ends were polished. The cross
section of the fiber again showed very smooth fiber edges and excellent fiber
end flatness. When using a pyrex-glass instead of flint (which scmewhat
softens) the holder showed after curing internal cracks due to a strong
thermal expansion mismatch., Further attempts involved Nd:YAG holders, the
capillary then being replaced by a narrow slot, which provides a perfect
thermal expansion match and eliminates the slight softening of the holder
observed with flint glass. This process now enables us (a) to mount single
fibers rigidly and permanently, (b) to provide a suitable cladding to the
fiber, (c) to eliminate the use of softer epoxy and yield better quality end
polishing (Figure 4(b)), (d) to deposit so-called hard AR-coatings onto the
fiber ends, more durable than the currently used coatings (see Section
IV-B-1), and (e) to apply the process to a large variety of single crystal
fibers. We believe this method offers by far the most satisfactory solution
to clad single crystal fibers, and with only minor improvements will become

the future standard method of handling and processing crystal fibers.
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SECTION III
THEORY OF MODAL OVERLAPS IN LASERS

A.  INTRODUCTION

To optimize the optical interaction in optically end-pumped lasers, it

was useful to study from a theoretical standpoint the effects of modal spatial
overlaps on the laser behavior. Under this contract an analysis was therefore
developed using the general formalism of mode overlap to derive very general
expressions for the threshold and energy conversion efficiency of lasers in
both guided and unguided geometries. This analysis, which involves the
derivation of new laser equations, has the advantage of providing a general
solution to the problem of pumping laser materials, and provides results that
have a wide scope of applications. In this section we present the results of
this analysis pertinent to the interpretation of the observed behavior of the
experimental bulk and fiber lasers reported further on. We refer the reader
to Appendices A through D for a more complete description of the details of
these calculations,

In the following we shall consider a four-level laser material of length
L placed in an external cavity which provides optical feedback and
oscillation build-up. This laser is assumed to be end-pumped through the back
mirror by an optical beam of wavelength Ap « Our analysis is divided into
three major sections. The first one addresses the general case of arbitrary
pump and signal transverse modes, and derives general expressions for the
laser single-pass gain, threshold and energy conversion efficiency. It
develops the background to the last two sections, in which results are applied

to the case of free-space (unquided) lasers and fiber (guided) lasers. Unless
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otherwise specified, all numerical examples treat the case of Nd:YAG, using
the materials parameters listed in TABLE 2, with a signal and pump wavelength

of 1.064 um and 0.5145 um, respectively.
B. GENERAL FORMALISM

In a pumped laser system, the distribution functions of interest are the
population inversion density n(x,y,z) , the pumping rate per unit volume
r(x,y,z) , and the photon density of the i-th mode si(x,y,z)'. They are
related by the laser rate equations, which in a steady state may be written as

(Reference 14)

n
o

(1)

m
( dn(x,y,z = r(x,y,z) _ n(x‘;_y,z) = Canr(l:o.YoZ) 2 S‘i (x’y’z)
ai =1

f

dS]- co.

co
— E = w n(x,y,2) S.i(xo.Yoz) dV-—lSi = 0 (2)
gt N cavity e

Sj 1s the total number of photons in the cavity in the i-th mode:

S; = JZZGV. si(x,y,z) dv (8

cavity

where ¢ and T are the laser material stimulated emission cross-section
and fluorescence lifetime, respectively, while ¢ is the velocity of light in
vacuum, and ny is the medium refractive index. °i is the total round-trip
cavity loss of the i-th signal mode, and % the optical cavity length.
Solving Eq. (1) for n(x,y,z) and inserting the result in Eq. (2) yields

the following equation describing the steady-state total number of signal



TABLE 2

PHYSICAL AND OPTICAL PROPERTIES OF Nd:YAG

Chemical formula

Nd atoms/cm3

Melting point

Laser wavelength stimulated emission
Cross-section (@ 1.06 um)
Fluorescence lifetime

Index of refraction (@ 1.06 um)
Linewidth

Fluorescence efficiency

Scatter loss coefficient

Nd:Y3A150; 5
1.38 x 10
1970°C
1.064 um
2.7-8.8 x 10" 19¢m?
230 usec
1.8163
4.5 A
(1.63

~ 0.002 cm”!
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photons S5 in the 1i-th mode:

6, 1
Ji(S1sSpseee) = - (4)

Zzotf R

R is the pumping rate, defined via the normalized pump distribution

function ro(x,y,z) 3
r(x,y,2) = R r (xy,z) (5)

while Ji(sl’SZ"") is the pump-to-signal overlap integral in the presence

of all other signal modes

1252053002) _/ff oc;r(x’y 2 L) (6)

cavity 1 + Z S‘ISO 1(x,y z)

J (S

where so’i(x,y,z) is the normalized signal distribution of the i-th mode

S-i(x:.Y:z) = S-'l So’i(x:.Y:z) (7)

Therefore

f/f r‘o(x,y,z)dv -[/f So’i(x,y,z)dv = 1 (8)

cavity cavity

Equation (4) is the basic expression for the number of signal photons present
in the cavity's i-th mode in the presence of other signal modes. Solving it

for N cavity modes (there are then N equations) gives the number of photons

- 28 -



in each mode at a given pumping rate, as well as their dependence on the
pumping rate, i.e., the pump threshold and conversion efficiency of each mode.
Oscillation of a single mode S; is described by Eq. (4) with

$s = S3 = 0o =0, i.e.,

6, 1
Jy(8)) = ——- (9)
2801 R

where

ro(X,¥,2) s_ :(x,y,2)
J1(S)) = 9,(54,0,0,...0) = fff ocotf - dv  (10)

cavity 1 + S1 so’i(x,y,z)

]

The pumping rate required to reach threshold is obtained by setting $1=0

in Egs. (9) and (10), i.e.,

1" ] 1

R i (11)
el e 3,(0,0,...0)

where

Jl(0,0,...O) = fff ro(x,y,z) so’i(x,y,z)dv . (12)

cavity

The pumping rate is related to the absorbed pump power Pabs by

P
R o= b (13)
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where hvp is the pump photon energy. From Eq. (11) the pump power absorbed
at threshold is thus

hv 61. 1
Pth = p — (14)"“~..
ot 20 Jl(O)

Equivalently, the unsaturated single-pass gain factor of the laser pumped with

an absorbed pump power Pabs is

gt P
y = —t :25 (15)
Wy A

" .
Here Ap is the effective pump area, given by

1
19, (0)

(16)

*
while Pabs/Ap is the effective (average) pump power density existing along

the laser. Alternatively one can define an effective pump volume
*

*
Vp zAp . Both quantities A*p and V; are mostly functions of the pump

and signal modes. We shall see in the following sections that it is
convenient to normalize the effective pump mode area to the fiber active
area Af in the case of a fiber laser, and to the average pump mode area Ib

in the case of an unguided laser. This introduces the notion of filling

factor Fvunm , defined by

Ae
(fiber case) (17)
AY - ;ihm
el (unguided case) (18)
Fvunm

N30 =
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where the index pairs (v,u) and (n,m) characterize the signal and pump
modes, respectively. With this notation the laser gain factor of Eq. (15) may

be written as
Y = vF (19)

where Yo is the gain that would be expected when neglecting the signal and

pump modal overlap, e.g., in the fiber situation

ot P
T - __f "abs (20)

° hvp Af
With this notation the effect of the transverse structure of the interacting
waves is described by a single additional parameter, namely the filling factor
Fvunm . This factor contains all the information pertaining to the efficiency
of the interaction between the signal mode (v,u) and the pump mode
(n,m) . We will see that in practical cases the F-coefficients can be
accurately computed and conveniently tabulated. Since this result applies to
any type of modes, similar tables can be generated for a variety of laser
configurations. Furthermore, this formalism can be easily extended to the
case of a laser optically excited by a multimoded pump. Then the filling

factor entering in the gain expression [Eq. (19)] is replaced by the weighted

factor

<F> = Z P am Founm (21)

n,m

where P o is the fraction of pump energy carried by the pump mode (n,m) .



This formalism is therefore a powerful tool which greatly simplifies the

analysis of the gain in optically pumped single-mode lasers and amplifiers.

The laser output at a pumping rate R 1is given by

hv

P .= T cS (22)

out 1

1
2£n1

where T, 1is the output coupler transmission, assuming the other mirror is a
high-reflector (HR, T, = 0). Since Eq. (22) involves the number of photons
§; » solution of Eqs. (9) and (10), the exact dependence of the cw output
power Pg ¢+ on the excitation power P, 1is expressed in a rather
complicated mathematical form inappropriate for physical understanding,
However, by looking at limited cases such as near threshold and far from
threshold laser operations, one can derive a very simple and accurate
analytical expression for this dependence. With a good approximation one can
write the overlap invegral J;(S;) in the form of an expansion in S, (see

Appendix A)

1 1 cot_ S
= + - (23)

Jl(Sl) JI(O) NN,

where np is the fraction of pump power carried by the active region:

n_ = jf ro(x,y,z)dv (24)
active region

Eliminating S, between Eqs. (22) and (23), and replacing J;(S;) and
JI(O) by their respective expressions as a function of the absorbed pump

power (Eqs. (9) and (14), respectively), we find that the laser slope

2ol =
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efficiency is simply

P T, hv

5 = =ﬂpf'
(P - Pep) 8, hvp

abs

Two assumptions were made to derive this result (see Appendix A). The
first assumption is that the laser is operating far above threshold. However,
comparison of exact and approximate solutions indicate that this result is
also valid near threshold (see following sections). The second assumption is
that the laser conversion efficiency s is reasonably large. This implicitly
assumes that the signal and pump modes are reasonably comparable so that their
spatial overlap is relatively efficient. The range of validity of this
assumption therefore depends on the laser configuration, in particular whether
it is guided or unguided. We shall see in the following sections that this
range is rather broad in most practical cases of interest, and includes as
expected, the region of maximum laser efficiency.

Within its limits of validity, Eq. (25) provides a simple ard powerful
result. It states that as long as the signal to pump spatial overlap is good
enough, the pump to signal photon conversion process is relatively independent
of the modal distributions involved. In other words, provided the pump and
signal photons occupy the same general area, the probability of stimulated
emission is large enough that essentially the entire inverted population is
driven to the ground level (which again implies a relatively efficient laser
to start with, and in particular a relatively low additional cavity loss
60 - T1 ). In such conditions the laser slope efficiency [Eq. (25)] is

proportional to

- 33 -



(1) n the fractional pump power contained in the active region of the

p°
laser; if this region vanishes no active material is available, and
no output power is expected. np can at best equal unity.
(2) T1/5o , the ratio of output 'loss' to total loss; in the most
favorable case (low cavity loss) it can be made very close to unity.
(3) hvs/hvp , the ratio of signal to pump photon energy which
constitutes the fundamental limit of any photon-to-photon conversion
efficiency.
Another important result is that Eq. (25) holds for any pump mode. It also
holds for any signal mode (as long as it is the only oscillating mode in the
laser cavity). This expression is therefore a powerful result which applies
to any single mode laser regardless of the pumping configuration. Note
however that the output power P, . does depend on the pump configuration and
pump mode through the threshold Py, [Eq. {14)]. Again, the laser material
properties (O,Tf) only influence the thresinn'd of oscillation, but not the
conversion efficiency. Consequently, in order to fully characterize the
response of a single-mode laser to a given excitation ro(x,y,z) and pumping
arrangement the only overlap integral that needs to be evaluated is J;(0)
[Eq. (12)].
Finally, to provide a different picture of this result, it is useful to

*
define an effective signal mode area As . A more standard expression of the

slope efficiency of a laser is (Reference 15)

1 * o1
s = ?-np Tl AS Isat 'p?h- (26)

where
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is the laser material saturation intensity. Replacing Pth by its expression
*
as a function of the pump effective area Ap [Eqs. (14) and (16)] and

comparing to Eq. (25) leads to
*
Ay = A (28)

*
which establishes a fundamental relationship between AS (the effective area
*
which saturates the gain medium) and Ap (the effective pumping area). Note
that the same result would have been obtained if we had neglected modal

* *
overlaps (plane wave case) and assumed Ap = AS = A at the outset.

C.  FREE-SPACE LASERS

As a first application of the above theory of interest to the work
reported here, let us consider the case of a free space (unguided) laser. The
laser configuration is specified in Figure 5. We assume that the pump beam,
end-fed into a (miniature) laser crystal along the laser cavity axis, is a
fundamental Gaussian beam with a waist Np . Diffraction causes the pump beam

to expand on either side of its waist so that its radius varies along the

z-axis of the crystal as

2
A (z-2)
W) = W|1e 22 (29)
m Np n,

where Ap is the pump wavelength in vacuum, n, the refractive index of the
crystal, and Zp the location of the pump waist inside the crystal

(Figure 5). Similarly, the signal mode has a TEan Gaussian distribution
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imposed by the configuration of the resonant cavity. For all modes the beam

radius at z is given by an expression similar to Eq. (29):

2
A (z-12)
wg(z) ® w§ 1+ -i—————gi- (30)
Tn, NS

where Ws s As and z, are the relevant parameters for the signal.
Further, we assume pump and signal modes are coaxial and aligned with the
z-axis defined by the resonant cavity. The average pump beam area Kb inside

the crystal is approximated by
" —
b 7 (W) (31)

where Wb is the average pump '‘eam radius along the crystal:

L
4P L we(2) dz (32)
p L A P

Similar quantities can be defined for the signal mode.
These parameters can be calculated in a closed form using Eqs. (29) and
(30). For example, for the fundamental signal mode we find that, assuming its

waist is located at the center of the crystal (zS =z =14/2) :

P
< 1B
ws - ws(l + es) (33)
with
1( At )2
R Sfi====_g (34)
§ 3\ n.W
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Following the definition of the filling factor introduced in the previous
section, Fvunmls can be computed for a few pump and signal modes. Because
of the simplicity of the mathematical description of Gaussian modes, they can

be evaluated in a closed form (see APPENDIX B). For example, for the most

important case of a TEMy,/TEMyy configuration, one finds

oo * 7,2 i

where Wh is the average nump beam radius, calculated in the same manner as

Wg [Eq. (33)]. For this mode configuration the effective pump area is [from

Eq. (18)]

* A n
A - i — . (wﬁ + wg) (36)

P S
Foooo

This result is identical to that derived by other authors in a slightly
different form (Reference 14). It is an important result, which was
extensively used in our fiber laser threshold analysis, as we shall see in
SECTION C of this report. We should also point out its simplicity. The
computation of Wg and Wb only [Eq. (33)] is required to determine the
efficiency of the pump and signal interaction and the laser threshold. Of
course, similar expressions can be obtained for higher order signal modes.
For example, for the TEMg mode it can be shown that the filling factor is

(see APPENDIX B)

Fowo = =277 (37)
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Returning to the fundamental case of a TEMOO/TEMOO configuration
[Eq. (36)], a number of interesting comments can be made. First, for a given
signal waist radius, the smaller the average pump radius Wﬁ the higher the
overlap, and the higher the gain. Again diffraction limits the minimum

average radius W_ available for a given crystal length, index, and pump

Y
wavelength., It can be easily shown that the pump waist radius wp that

minimizes Wb is (see APPENDIX B)

St (E/E
W aff ==2 (38)
p,opt ( )

/3 n,

Similarly, for a given pump waist radius wp » the smaller the averagc signal
radius the higher the gain. In a signal beam focused much higher than the
pump, most of the signal photons experience amplification. Of course, the
smallest size of the signal is again limited by diffraction, which appears in

the expression of ﬁ; as the €_ quantity. Clearly there is a value of

s
Wg which minimizes W; » and optimizes the gain (and the threshold) for a
given crystal length £ . Note that ﬁ; does not necessarily optimize the
laser output, which depends on the saturation level as well as the gain.

* .
We show in Figure 6 the dependence of W_ on Np as calculated from the

P
exact form of the filling factor (see APPENDIX B), which takes into account

the position 1z, of the pump within the crystal, and of the fact that in a

P
single pass end-pumped laser the gain is higher on the pump input side of the
crystal., As expected the effective pump radius is minimum for a certain pump
waist radius. Note also that the gain is lower when the pump waist is located
at the far end of the crystal (zp = £) than when it is at the near end of

the crystal (zp = 0) . It is optimum when zp = 4/2 as expected for

- 39 .
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crystals with lengths on the order of the material absorption length

:’La = 1/cua i

The accuracy and validity of the approximation made to derive the closed-
form of the laser slope efficiency [Eq. (23)] was estimated in the present
case of a free-space laser by comparing it to the exact overlap integral
[Eq. (12)]. It shows that the approximation is more accurate for values of
a = WE/W? near unity, as expected. The error in the slope efficiency is then
less than a few percent., This is illustrated in Figure 7, which represents
the slope efficiency of a Nd:YAG crystal laser (Tl & 1%, 60 = 5% ,

Ap = ,5145 um , Xs = 1,064 uym , NS = 25 um) versus pump waist radius. When
the pump is focused either too tightly or too loosely, Wb >>'Wg (¢ <€ 1) ,
the signal misses a good part of the population inversion, and the efficiency
drops. As expected, maximum conversion efficiency may be reached only when
the inverted population distribution and the signal mode present some degree
of similarity. For this particular example, the agreement with the
approximate form of the slope efficiency is excellent for W_ ranging from

p
about 10 to 50 um.

The laser behavior was also analyzed far above the TEMyg threshold where
higher order modes are likely to break into oscillation. As an example the

threshold of TEM;, in the presence of TEMgo Was calculated to be

P, (TEM, )
_ th''"0
Pop(TEMy5) = (——_‘500 ) (38)
—_— -
%10

where 600 and 610 are the cavity round-trip losses for TEMOO and TEMIO,

- W -
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respectively, and a the same ratio Wf/ﬁg as before. It appears that to
reach the onset of TEMIO oscillation, & must satisfy
0
a2 (39)

%01

while the ratio 600/610 is in general smaller than unity. This reflects the
fact that when the pump area is much larger than the area of either signal

and Y

mode (and in particular, & << 1) , the small signal gains Y of

00 10
TEMgo and TEM;,, respectively, are expected to become comparable. In such an
event, as the pump power is turned up, the photon density due to TEMy, does

not build up too rapidly and does not saturate the gain Y too fast. This

10
situation would clearly be modified in favor of the TEM;, mode if the pump
beam was offset from the cavity axis, or if a higher order pump mode was

used. Signal modes with a low E-field on axis (r = 0) such as TEMgy would
then be favored over the TEMyj mode. An important conclusion is that the
control of the pump distribution is elementary to single-mode laser operation,
as expected. Controlled pump distributions, as opposed to the highly

multimoded situation occurring in most commercial solid state lasers, should

therefore extend the single-mode output range of end-pumped lasers to much

higher power levels. This is typically done in commercial lasers by
introducing an aperture which further decreases 600/6nm . However, in

general it also increases 600 and reduces the laser overall efficiency.

D. FIBER LASERS

(1) Fiber Laser Configuration

In this section we consider the case of a fiber laser. The fiber is

assumed to have a step-index profile and a circular geometry. The fiber core

- 43 -



(index n; ) is assumed to be the only active part of the fiber. The core is
surrounded by a cladding of index np (np < nj) infinite in the radial

dimension, so that the fiber V-number is

2na ' (40)

For the sake of simplicity we assume the fiber is weakly-guiding, i.e., that

its numerical aperture
NA., = ny - Ny (41)

is small (N.A. << 1). The fiber guided modes are then almost linearly
polarized and the so-called LP mode classification can be advantageously used
(Reference 16). We also assume that the fiber fills the entire length

i of the optical cavity, so that all optical signals remain guided throughout
the cavity.

The fiber modes used for overlap computations, labeled LP,m » have been
widely studied in the literature, and are described in Appendix C. Their mode
power density distributions are described by two mode integer numbers, namely
the radial mode number n and the azimuthal mode number m .

(2) FVunm Coefficients

Using the signal [Eqs. (C-2)] and pump [Eqs. C-5)] mode densities
described in Appendix C, the filling factors were computed for a few mode
configurations LPVu/Lan . From the basic overlap expression [Eq. (12)] it
readily appears that only pump and signal modes with the same azimuthal

dependence will interact constructively. In the following we will therefore

Y



consider only modes varying as cosz(v¢) (see APPENDIX C). The angular

integration can then be done easily:

2n
2 2 _
I¢ = / cos né cos (v¢) d¢ = = Sun (42)
0
where
2 if v=ns=0
1 if v=0 or n=20
®on © (43)
3/4 if v=nt0
1/2 if v#n,n#0,v#0

Because of the complexity of the mathematical functions involved, and unlike
the case of Gaussian modes of the previous section, the radial integrations
can not be expressed in a closed form, and were analyzed by computer. The
dependences of Fvunm on the fiber V-number and on the mode number were
investigated, with emphasis on the behavior of FOl,nm of interest for
fundamental mode laser operation.

In Figure 8 we show the computed dependence of Fvunm on the fiber

V-number for a few low order pump and signal modes in a Nd:YAG fiber laser.

For each curve of Figure 8 the smallest allowed V-number V. 1is the higher

c
cutoff value of the mode pair vau/Lan " below which one of the modes
does not propagate. As V 1is decreased toward V. , the corresponding

F-coefficient decreases at first slowly, then rapidly, to vanish at V=V_,

This result stems from two facts. First, as one of the modes reaches cutoff,
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it starts spreading outward into the fiber cladding, and less and less energy
is involved in the active region, Second, the energy density of this mode in

the active region decreases, to vanish at cutoff. For V-numbers large

compared to V. the F-coefficients rapidly converge to asymptotic values only as

function of the two interacting modes. This behavior stems from the fact that
when both modes are far above cutoff their power density distributions become
essentially independent of the fiber V-number, and so does their overlap.
Since this convergence is rather rapid, in a practical situation involving a
large V-number fiber laser all low-order Fvunm may be replaced by their far-
from cutoff limit with a good approximation. The filling factors are then
universal numbers independent of the pump and signal frequencies and of the
fiber geometry (provided it has a step-index profile), and are only a function
of the mode numbers.
TABLE 3 gathers the large-V limit of filling factors computed for a few

low order pump modes. For a fundamental signal mode (LPOI) pumped with a
fundamental pump mode, the F-coefficient is F0101 = 2,098 , i.e., the
effective pump mode area A; entering in the expression of the laser gain
[Eq. (17)] is approximately half the area of the fiber core. When pumped with
higher order modes, it can be shown that, as was intuitively expected, the
corresponding overlap with Vo1 signal is reduced. On the other hand,
F-coefficients and therefore larger gains are expected for higher order mode
configurations of the type LP../LP . as a result of the larger signal and
power densities and well-matched distributions. In fact, for this far-from-
cutoff limit and configuration the pump and signal modes have the exact same
spatial distributions. The symmetry of the matrix array given in TABLE 3 is

also worth mentioning. In the far from cutoff region the guided modes are
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ASYMPTOTIC VALUES (V + ) OF THE MODAL OVERLAPS Fvu

FOR A FEW LOW ORDER SIGNAL AND PUMP MODES

TABLE 3

nm

\ SIG, —b

FPUMP 01 02 11 12
4
01 2.098 1.800 1.435 1.677
02 1.800 2.743 .9422 1 1.576
11 1.435 .9422 2.327 1.681
12 1.677 1.576 1.681 2.943
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independent of wavelength, so that the overlap between these modes is

invariant under a commutation of modes:

Fvunm = anvu (v » Vc) - (44)
This property can be usefully invoked to reduce computation time and the

volume of tabulated data.

It is also interesting to look at the general evolution of F as the

vunm
mode numbers are increased. In Figure 9 we show five series of coefficients,

namely Fgoiom » Forim » Foi2m » Foism @7"d Fgigm computed for m =1 to

m = 30 , all pertaining to the important case of a fundamental signal mode.
From these curves a number of interesting observations can be made. First,
the largest possible overlap occurs with the fundamental pump mode, with

Folo1 = 2.0983 . In this configuration the interaction mode distributions are
as well-matched as can be. Second, for a fixed n (n# 0) the Fpm
coefficients increase with increasing m . This behavior arises from the fact
that the distribution of an LP,.  mode has a maximum near the fiber axis (r =
0) , and that this maximum increases with increasing m , as shown in Figure
C-1 (see APPENDIX C). Since the signal mode LPg; has a broad maximum near

r =0, the overlap with an LP,, mode increases with increasing m . Third,
the Fyinm coefficients have a finite asymptotic value for large m , and
this value is independent of n (for n <m ). To understand this property
we looked at the fractional energy carried by an LP,, mode between r =0
and r = rg as a function of ry (Figure 10). For large enough values of

m , this energy increases almost linearly with rg , regardless of the value

of n . For high order fiber modes each modal ripple (see Figure C-1) carries
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nearly the same energy. Their overlap with a given mode (here, LPg; ) is
therefore expected to converge to a finite value independent of m or = , as
observed. Finally, this asymptotic value, equal to 1.7568, is reached even
more rapidly when n is small., For all practical purposes, for n < 10

the Fgy,m coefficients take this value for m 2 10 - 20 . The above
conclusions, of course, apply to any Fvunm series with fixed values of

v and u .,

To estimate how large the F coefficients can be, we also looked at

vunm
overlaps involving higher order pump and signal modes. To maximize these
overlaps we considered interaction between identical modes by computing
coefficients of the type F ... . In Figure 11 such series are plotted
versus m for several values of n . The asymptotic branches (m + ®) now
go to infinity, since the peak value (near r =0 ) of the LP o
distributions increases indefinitely with m (see Eq. (C-3)

The above results are quite useful as they provide a clearer and more
complete picture of the originally complex aspect of mode interaction in a
multimoded fiber laser. As far as LPg; signal operation is concerned,

LPyn Pump modes (with m >> n ) should be reasonably efficient and provide a
threshold only 30% larger than the lowest, LPy;-pumped threshold (see

Figure 9). For higher order signal mode operation, analysis shows that

annm range from 3 to 6 for reasonably large m ., In situations where
running the fiber laser on a low order signal mode is not essential it would
be advantageous to go to as high a mode order as possible and benefit from a
threshold many times lower (see Figure 11). However, in a practical device

the higher loss experienced by these modes will have to be taken into account,

together with the resulting slope efficiency.
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A last case of interest is that of a fiber laser in which the pump is
distributed amcng a large number of guided modes. This situation may arise in
particular when the fiber laser is excited by a Lambertian source (such as an
LED) or a strongly diverging source (such as an LD). In this highly
multimoded configuration we intuitively anticipate the pump mode density to be
nearly radially uniform across the fiber core, and nearly zero in the
cladding. For large enough V-numbers (say, V > 10 - 20) it can be shown
that the pump distribution can be approximated by a simple (normalized) square
profile ru(r) (‘u' standing for uniform) independent of the azimuthal

direction ¢ :

1
for re<a
2l
r,(r) = (45)
0 for r>a .

In a fiber laser excited in such a manner the inverted population distribution

follows the step-index profile of the fiber. The overlap with any signal mode

LPvu » Characterized by the coefficient FVu y * can easily be calculated from
]

Eq. (12), yielding the simple result

Fvu,u Wy (46)
where L is the fraction of signal energy contained in the fiber core. For
signal modes reasonably far from cutoff, Mz, ” 1 and the F-coefficient is
approximately mode-independent and equal to unity. As expected, all modes

with a reasonably good confinement experience the same gain. Note that
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FUl,u is about half the maximum anticipated value (Fjq; = 2.098) which
occurs with an LPy; pump mode. Consequent'y, the threshold of a fiber laser
running in the fundamental mode is expected to be doubled by going from a
fundamental pump mode to a highly multimoded pump distribution. This simple
analysis therefore shows that although the use of a fundamental pump mode is
desirable, it only provides a factor of two improvement over the multimoded
pump configuration.

(3) Threshold

From the definition of A" [Eq. (17)] we can write the laser

p
threshold condition [Eq. (14)] as
hv 6 A
= vu f
Py = —2— : (47)
OTf e Fvunm

The dependence of the threshold on the modal overlap is entirely contained in
the coefficient Fvunm , which has been studied in the previous section. The

dependence on the V-number involves both F and the loss factor 6

vunm vu

(which, for a given mode (v,u) does depend on V ). Because of its complexity
this last dependence is not considered here. Of greater interest to the
present work is the dependence of the threshold on the fiber core radius.
Intuitively, since the laser gain grows as the pump power density and
therefore as the reciprocal of the fiber active area, it should be interesting
to attempt reducing the fiber diameter. However, two other factors also
contribute to this dependence: (1) the Fvunm coefficients and (2) the
absorption of the pump by the fiber. This last contribution stems from the
fact that for small enough core sizes, the pump mode is near cutoff, part of

its energy is external to the fiber active area (core) and is not absorbed.
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To take this effect into account it is actually more relevant tu refer to the
incident power threshold, i.e., the pump power coupled into the fiber laser

at z =0 at threshold. It can be easily derived from Eq. (47) and shown to
be:

[]
3 hvp Gvu Af -ua!. )
P = 1 -e (48)
th,inc ot. 2 F
f vunm

where the plane-wave absorption coefficient - has been replaced by the

effective coefficient
a' = na (49)

where np is the fraction of pump energy contained in the fiber core

[Eq. 24)]. For large enough fiber cores the pump mode is far above cutoff,
np =1 and a; =a. s assumed so far. Conversely, when the pump :ode is
near cutoff (small core), the fraction of pump energy absorbed vanishes.
Taking all three contributions into account, the incident pump power
threshold of a fiber laser for a given pair of modes is expected to vary as
follows. For large core radii, the modal overlap and effective absorption
coefficient are independent of a , and the only dependence comes from the
pump power density. The threshold grows quadratically with a . For very
small core radii, the overlap and core area vanish, but so does the effective
absorption coefficient. We actually expect the combination of these three
effects to give an infinite threshold as a * 0 since in the absence of an
active medium the gain vanishes. Consequently a minimum threshold is expected

for some optimum core radius aopt .
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This behavior is exemplified in Figure 12 for an LPj;/LPy,
configuration. Note the parabolic growth of the threshold for a > aopt , and
the rapid increase in threshold when the pump mode reaches cutoff
(a < aopt)‘ For practical fiber numerical apertures (N.A. ~ .08 - .23), the
optimum core radius aopt which minimizes the fiber laser threshold is in the
range of 1.3 to 3.4 um. Huwever, they all correspond to a fiber V-number at

the signal wavelength of V_ 3 1.7 (despite the fact that Pth,inc is not

P
a function of V only).

It is interesting to compare Vopt to the value Vg,, which maximizes
the (average) nump intensity in the fiber, approximately Vmax £ el imnR
step-index fiber (Reference 17). As expected Vopt and Vp,, are of the
same order of magnitude. Vopt also depends slightly on the pump wavelength
(Vopt 1,9 at Ap = 810 nm) but is always in the range of 1 - 3, It does
not depend on the laser properties of the material (o,tf) , and depends only
slightly on the absorptive properties of the fiber (aa,l) in the practical
situation aal ~ 1 . For mode configurations other than LPOI/LPOI the value

of V is expected to be larger (since the enerygy density of higher order

opt
modes is maximum at larger V-numbers) and would have to be computed
individually.

Although the above analysis does not take into account the dependence of
the cavity loss and of the pump launching efficiency on the core dimension, it
still shows that the choice of core size is elementary in the design of a
fiber laser. In fiber lasers with a well-chosen core radius (a ~ aopt) the
optical gain per unit pump power is so large that even in a 5% round-trip loss

cavity the laser threshold is very low, in the 10 - 50 uwatts range for Nd:YAG

(Figure 12). The existence of an optimum V-value range also makes it
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Figure 12--Dependence of the Fiber Laser Threshold on Core
Radius in the LPO]/LP01 Mode Configuration.
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convenient to estimate the optimum fiber laser configuration (assuming LPgy
modes). For example, in a Nd:YAG fiber with N.A. = .2 and pumped at

opt = 1,2 um ,
Since the design of a laser can not be complete without the analysis of its

Ap = 810 nm , the lowest threshold would be obtained with a

slope efficiency, we postpone further discussions to a later section.

(4) Slope Efficiency

As mentioned earlier, the power output P,,. of a fiber laser at a
given pumping rate [Eq. (22)] is proportional to the total number of signal
photons in the cavity S; , as per solution of Eqs. (9) and (10). In

Figure 13 we show the dependence of P on the pump power absorbed by the

out
fiber active medium Pabs for a few values of the cavity loss Gvu for the
(LPOIstol) mode configuration, Solid curves are exact solutions obtained
from Eq. (10) by computer simulation. Dashed curves were computed from the
approximate form of the slope efficiency [Eq. (25)].- As expected, the exact
dependence of P, . on Pabs is very nearly linear. More speciiically, it
can be shown that the slope efficiency increases slightly as the laser is
pumped harder. However, it does not increase by more than ~ 20% from just
above threshold to very far above threshold. Comparison of the exact and
approximate solutions (Figure 13) indicates that the approximation (developed
in APPENDIX A) is quite accurate and, as stated, is valid everywhere above
threshold. The discrepancy between exact and approximate predictions is
small, between 5% and 10% in the example of Figure 13. As anticipated this
discrepancy is smaller for higher efficiencies.

The dependence of the slope efficiency of a fiber laser on the fiber
V-number is shown in Figure 14 in the important case of a fundamental signal

mode (LPOI) and different pump modes. We find again that just like for the
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F coefficients, the slope efficiency increases rapidly from zero at

vunm
vV~ vC (pump cutoff, no pump energy involved in the fiber core) to an
asymptotic value at V > V. (where the mode profiles no longer depend on

V ). This asymptotic value agrees well with the slope efficiency given by the
approximate form of Eq. (25).

Finally, as mentioned concerning free-space lasers, we find that in
fairly efficient lasers, the slope efficiency does not depend on the modes
involved for modes sufficiently far from cutoff. Under such conditions the
relative confinement provided by the fiber core, combined with the large
probability of stimulated emission, guarantees efficient stimulated relaxation
of most of the inverted population regardless of the exact photon

distributions.

(5) Fiber Laser Design

Combining the results of the two previous sections allows one to
make the best choice of core radius in the design of a low threshold, high
slope efficiency fiber laser. A compromise must be made between low threshold
(ideally a core radius of a few micrometers) and high slope efficiency (a core
radius of at least 10 - 20 um, depending on the pump mode). In the
fundamental case of LPy; modes, and for the parameters used in our example,
the optimum value is in the range of 8 to 10 um, or a V-number of 6 to 8.

For practical reasons which will become apparent in later sections, it
may be difficult, at least for some materials, to fabricate fibers with
diameters much smaller than about 40 um. In other cases, such as Nd:YAG, it
is possible to fabricate fibers as small as 15 um in diameter, but handling
difficulties may then require the use of larger fibers. It may also be

preferable to use slightly larger diameter fibers and benefit from reduced

- 62 -



surface scattering losses (Reference 6). However, in such cases going to a
somewhat larger fiber size does not significantly degrade the laser
performance. Reference to Figure 12 shows that by going from an optimum 10 um
core radius to a 20 um radius, the fiber laser only requires an additional

0.5 mW to reach threshold, while the slope efficiency remains nearly
unchanged. In the present exampie of a ~ 10% efficient laser, this 0.5 md
only results in a 50 uW reduction of the laser output power. In a laser with
a maximum efficiency (~ 48%) it would still represent an output reduction of
only 250 uW. Consequently, a 40 - 50 um core diameter fiber laser will
perform with essentially the same overall efficiency as an optimized

16 - 20 um diameter laser., Furthermore, since in general fiber propayation
losses are also reduced by increasing the fiber core size, in a practical
situation the optimum core size will be somewhat larger than that predicted by
the present model.

As similar curves can be generated for any mode configurations and cavity
parameters, it is a relatively simple matter to design the optimum
configuration in any situation. However, in the fundamental case of LPy,
pump and signal modes, the above results are typical. As a rule of thumb, a
fiber with a V-number in the range of 5 to 25 will yield the best results.

(6) Summary

For easy reference we briefly summarize below the major results of
this theoretical section pertaining to the behavior of fiber lasers. We have
shown that

* The gain factor in a guided fiber laser can be written in essentially

the same form as in a free-space laser (Eq. 19);
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The effective pump mode area required to calculate this gain factor is
proportional to the fiber core area, and the proportionality constant
Fg is only a function of mode numbers for V 2> 10 ;

“nm

* The Fvunm can be easily tabulated;

The F-coefficient is only half its maximum value when the pump is
uniformly distributed across the fiber core instead of being in the

LPOI mode;

The fiber laser power output grows linearly with absorbed pump power;

The slope efficiency can be written in a simple, accurate form and can

be easily calculated [Eq. (25];

For far from cutoff pump modes, the slope efficiency is independent of

the V-number and of the pump mode,

The overall laser efficiency is optimized in a fiber with a V-value of
6 - 8, although in practical situations values up to ~ 25 will give

similar results.
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SECTION IV
ARGON-LASER PUMPED Nd:YAG LASERS

We describe in this section work on cw Nd:YAG lasers end-pumped at
0.5145 um. In SECTION A we present the results obtained in unguided miniature

Nd:YAG lasers made of a small crystal rod placed in an external optical
cavity., In SECTION B we report cw oscillation of a number of Nd:YAG fiber
lasers of different geometry, and their characterization. Emphasis is put on
the guiding properties of these devices, and on the sources of residual

loss. These subjects will be addressed in further detail in SECTION VI after

description of the results obtained with laser diode pumped fiber lasers

(SECTION V).
A.  MINIATURE BULK LASERS

1. Laser Configuration

Experiments on bulk lasers involved small commercial crystals of Nd:YAG
as an active material, placed in an external optical cavity. A schematic of
the experimental arrangement is shown in Figure 15, The pump beam at
Ap = 5145 A was produced by a cw argon-ion laser (Coherent CR-6) with a
maximum output power at tkat wavelength between 0.5 and 1.0 watt depending on
laser conditions. The laser beam was transformed by a spherical lens so as to
match the fundamental mode of the laser cavity at the signal wavelength
(AS = 1,064 um). The cavity itself was formed by two high reflecting short
radius mirrors (Reference 18). The optical signal coming out of the cavity
was separated from the residual pump signal by a 1.064 um spike filter and a

high-pass (color) filter. The output of Nd:YAG lasers was observed with an

infrared camera (not represented).
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In all experimental arrangements involving bulk crystals, both cavity
mirrors had a radius of curvature of R = 10 cm , with respective
reflectivities of 99.9% and 99.5% or 95.0% at 1.064 um. Both mirrors were
about 89% transmitting at the pump frequency. The cavity length was
typically L = 10 m , i.e., only slightly longer than the crystal itself.
From these data, the calculated radius of the signal beam waist supported by
the cavity, which is located at the center of the cavity, is 64.5 um,

A schematic of the optical cavity is shown in Figure 16. Each mirror was
placed in a gimbal mount provided with two orthogonal tilt angle
adjustments. The gimbal mounts were mounted on separate translation stages
for adjustment of the length of the cavity. The assembly was secured on a
mounting platform, itself attached to a three-axis translation stage to
position the optical cavity with respect to the pump beam. The pump beam
could be steered with respec: to the axis of the cavity by two independent
mirrors, although it was mostly stationary. The Nd:YAG crystal was placed on
a pedestal in the center of the optical cavity.

Before use in the cavity, the end faces of the Nd:YAG crystal were first
polished and then anti-reflection (AR) coated for A = 1,064 um using in-
house facilities. Anti-reflection coating is necessary because Fresnel losses

at the Nd:YAG/air interfaces are significunt (~ 8.5% per face) and may

increase the threshold pump power.,

2, Laser Characterization

(a) Nd:YAG Crystals

A total of four different crystals were used to characterize bulk
Nd:YAG lase~s, numbered 1 through 4, Their dimensions and the pump wavelength

at which they were tested are summarized in TABLE 4 (the last dimension is
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- 68 -



taken along the cavity axis). Crystal #2 was found early to have a defective

AR-coating (the only coating which was performed by outside facilities), and

was subsequently abandoned for crystals #1 and #3.

TABLE 4
Nd:YAG CRYSTALS DATA

Crystal Number Dimension Ap
(mm ) (um)
#l 1 x1x 7.5 0.5145
#2 3 x 8.0 0.5145
#3 VE U x 76 0.5145
#4 6 x 2x 4.0 ~ 0.825/
0.5145

(b) Output Measurements

Laser action of miniature Nd:YAG bulk lasers pumped at 0.5145 um was
successfully obtained in three crystals (see TABLE 4), two of which showed
very good performance. Routine alignment of the cavity proceeded by using the
pump beam as a probe in a standard fashion. Alignment of the back reflected
beams with the incident beam led to the typical flickering of the pump light
resonating in the cavity. Lasing action was then observed at higher pump
power. The threshold was then reduced by refining the mirror alignment. It
was found that the confijuration described above, which uses in-house designed

gimbals, lent itself guite well to an easy alignment of the laser.
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Absolute measurements of the output power of these lasers were done by
recording the output power for increasing pump power. Measurements of both
the signal and the pump power incident on the focusing lens (see Figure 15)
were performzd with a power meter (Reference 19) calibrated at 0.5145 um and
1.064 um. The relative amount of pump power absorbed by the crystal was
generally estimated in each particular case by measuring the transmission of
each individual optical element and the Fresnel reflection from the crystal
faces. The measured value was always consistent with an absorption

coefficient aa = 0,6 cm'1

in agreement with published values and other
measurements. For a crystal length of about 8 mm, the ratio P,,c/Pijnc Of
the absorbed pump power to the power incident on the focusing lens was in
general on the order of 30%, while about 38% of the power launched into the
crystal was absorbed.

All Pout vS Pabs curves showed a good linearity. This is illustrated
in Figures 17 and 18 which show the output power curves of crystals #3 and #1,
respectively, using either a 0.5% or 5% transmission output coupler. With
crystal #3 (Figure 17), the slope efficiency with the 0.5% output coupler was
10.5%, while the threshold was about 7 mW, As expected, more energy was
extracted from the crystal by using a 5% output coupler, which yielded an
increased threshold (~ 17 mW) but a much larger efficiency of 38%. Crystal #1
yielded even better results (see Figure 18), probably as a result of a
slightly better crystal quality (the crystals were cut from a boule which was
not necessarily homogeneous) and/or better AR-coatings. This laser was
operated with a state-of-the-art threshold of about 5 mW with a 0.5% output
coupler, and a record slope efficiency of 42.6% with a 5% output coupler.

This result is quite outstanding, especially if one considers that the
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Power in Crystal #3.
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absolute maximum theoretical efficiency of this laser, equal to the ratio of
signal to pump photon energy (see Eq. 25), is about 48,3%. At the maximum
pump power used in this measurement (Pabs ~ 80 mW) the laser output was
nearly 30 mW. The amount of radiation lost to the user was actually quite
small - in this configuration, about 9 out of 10 pump photons absorbed in
excess of the threshold were actually turned into output signal photons. We
should also point out that this result is all the more remarkable in that no
special precaution was taken to cool the laser.

Under the above conditions, short term output stability (seconds) was
quite good, on the order of 0.5% to 1%. Long term stability (minutes) was 5
to 10%. It was noted that longer focal length lenses gave more stable
outputs, probably as a result of a lowered pump beam wander inside the
cavity. A focal length on the order of 12 cm was found to be a good
compromise between efficiency (~ 9.5%) with T1=.5% and stability (a few
percent over tens of minutes). The residual output power drift was attributed
to a gradual misalignment of the cavity (the output could always be brought
back to its initial value by tweeking the mirrors).

We summarize in TABLE 5 the results obtained from crystals #l and #3
presented above. Slope efficiency and threshold pump power are measured
values., The total round-trip cavity and crystal loss and A; are calculated
from these values, as described below.

Interpretation of laser output power measurements were routinely done
using the theory deveioped in SECTION III-C. From Eq. (25), where np =

the slope efficiency s is

T hv
5 = lahE =t (50)
0 hvp
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SUMMARY OF LASER PERFORMANCE FOR TWO Nd:YAG CRYSTALS

TABLE 5

PUMPED AT Ap = ,5145 um

*

CRYSTAL T, SLOPE THRESHOLD ROUND-TRIP  ROUND-TRIP Ay
EFFICIENCY CAVITY LNSS CRYSTAL LOSS (x 10%cm?)
.5% 10.4% 7.4 mW 2.3% 1.7% 8.9
#3
5% 38.3% 17.0 mW 6.3% 1.2% 7.5
" .5% 15.6% 5.0 m 1.6% 1.0% 8.7
5% 43.6% 14.4 m 5.6% 0.5% 7.1
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From the knowledge of T; and s (and hvS/hvp = ,483 ), the round-trip
cavity loss 60 can easily be calculated. The residual crystal loss due to

other mechanisms than mirror output coupling is then simply
6, = 6 -T -7 3 (51)

In the conditions of the above measurements, Tz was measured to be .1%. The

calculated round-trip crystal loss 6, was 1.4% + 3% for crystal #3, and

1
0.75% + .25% for crystal #l1. These measured crystal loss values include the
spurious reflectivity of the AR-coated crystal end-faces. To estimate the
relative importance of the two main cavity loss mechanisms, i.e., AR-coating
and actual propagation loss in the crystal, the reflectivity of each
AR-coating was measured individually. This was done simply by measuring the
amount of light reflected by each coated surface. The focused beam of a cw
Nd:YAG laser was used near normal incidence in these measurements. For
example, for crystal #3 we found .37% and .49% respectively, with an error of
about 30% on these values. The round-trip Fresnel loss is thus about 1.7%
(+.5%). Propagation through the crystal therefore accounts for a negligible
fraction of the resicuual cavity loss. Similar results were obtained for
crystal #1. This result attests to the good quality of the crystals. It also
shows that the difference in performance of crystals #1 and #3 is mainly due
to differences in the state of their end surfaces and not in crystal

quality. Note that an upper bound of the respective crystal loss coefficient
as can be estimated assuming perfect AR-coatings. We then find

@ e .009 cm'1 (crystal #3) and . = .005 cm'l(crystal #1), consistent with
the generally recognized value of ~ .002 cm'1 for the residual bulk scattering

coefficient of the best Nd:YAG crystals (Reference 15).
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Another aspect of these measurements of interest “o the understanding of
this type of laser interaction is the degree of overlap between the signal and

pump modes. As shown in SECTION III-B , it affects the laser threshold
[Eq. (14)]

*

through the effective pump mode area Ap

*

5
0
Pen i (52)

b=

a3

where x = otf/hvp is a constant of the material and of the pump
wavelength., Measurement of the slope efficiency gives 60 as described
above, while the measurement of P,, and the kno.edge of the constant «
gives the value A; from Eq. (52). This first value can then be compared
with the theoretical prediction from individual measurements of the pump and

signal mode waist radii Wp and W [Eq. (36)]

A; = Z'Z(ws +W§) (53)
For example, in the case of the measurements summarized in TABLE 5, the

cavity waist radius, calculated from cavity parameters, is ws = 64.5 um , or

W; = 65.5 um [Eq. (33)]. The pump mode waist radius, calculated for the

argon-ion laser beam parameters and a focal length f =86 mm , is

Np = 18 um , or Wb = 29 um . Experimental values of W,

measurement of the far fiela mode profile with a linear diode array agreed

obtained by

*
well with the calculated value. This yields a theoretical value of A
* =G *
[Eq. (53)] of Ap = 8,06 x 10 Jcmz . Values of Ap inferred from laser
output measurements are summarized in TABLE 5. Note that the agreement is

quite good between experimental and theoretical values.
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A note should be added at this point concerning the value of the
stimulated emission cross section o of Nd:YAG at 1.064 um. Even though this
material has been extensively studied, the published values of its cross
section ¢ vary widely, from 2.7 10"19%n? to £.8 x 10"19¢m?, (15) The

original value of 0 = 8,8 x 10'19cm2

that we used in the beginning of this

work is definitely not consistent with our own measurements. In fact, during

our work on both Nd:YAG fiber and bulk crystal lasers, we found that the value
of 2.3 x 10" 19¢nm? agreed consistently well with our observations. We shall
therefore use this value throughout this report . This result is not necessarily
in disagreement with published results. Several factors enter in the value of

o for an actual Nd:YAG, such as the exact laser line or combination of lines
tested, the fluorescence efficiency of the 1.06 um transition group (n = 0.63),
as well as less obvious parameters such as the crystal doping and quality. The
scatter in the reported values of ¢ may actually reflect the variety of

experimental conditions and definitions used by different authors.

(c) Transverse Mode Structure

The transverse mode structure of miniature Nd:YAG lasers was routinely
observed during laser operation and characterization by observing the magnified
image of the laser output beam with a visible-infrared camera. When the laser
cavity was aligned for minimum threshold and the pump power increased, the laser
was found to oscillate in the fundamental mode up to the highest tested pump
power levels. In other words, when the pump and signal modes were very nearly
coaxial, mode selection was such that it precluded oscillation of any other
mode. This was true in particular during the measurements on crystals #1 and #3

reported in the previous section. Even though they were pumped as high as 17



times above threshold in some cases, single mode TEM;, output was always
observed.

Miniature Nd:YAG lasers were also operated with higher order modes.
Preferential excitation of TEM . modes was done either by tilting one of the
cavity mirrors, or better yet by offsetting the pump beam laterally (i.e. moving
the entire cavity perpendicularly to the stationary incoming pump beam). In the
first case a higher loss was induced for lower order modes, while in the second
case a higher gain was induced for higher order modes, as described earlier (see
SECTION III-C). We show in Figure 19 pictures of some of the modes that were
observed with crystal #3 (T1 = 1%) , taken directly on the TV screen. The
irregularities in the mode shapes are artifacts due to inhomogeneities in the

camera sensitive area. At 1.6 mW of output power TEMon modes could oscillate up

K]

to n=15, and TEM  up to m =n = 5 . Apparently, mode selection was such
that at the pump levels at which the laser was operated, the output was always in
a single transverse mode.

(d) Mode Overlap Measurements

To verify the validity of our overlap theory, and to determine the best
operating conditions of our experimental lasers, it was interesting to analyze
the dependence of the laser threshold and slope efficiency on the degree of
overlap between the pump and the signal modes. For this purpose one of the
lasers (crystal #3) was characterized with different pump waist radii wp (an
other parameters being kept constant) by focusing the pump beam with different
lenses. In each case the absorbed pump power at threshold (P,,) was measured, as
well as the slope efficiency (s).

Figure 20 shows experimental results obtained with focal lenaths ranging
from 45 to 265 cm. The pump waist radii W_. were calculated from the knowledge

P

< 7 L



TEMg,

TEMIZ

Figure 19--Photographs of a Few of the Transverse Modes Observed

in Miniature Nd:YAG Lasers (Crystal #3).
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of the argon laser cavity parameters and the distance from the argon laser to the
focusing lens. The solid curve is the theoretical prediction derived from the
analytical results presented in SECTIUN [II-B using the exact overlap expression
[Eq. (12)], and a round-trip cavity loss of 60 = ,026 . Agreement between
experimental and theoretical results is excelient. The slight tendency of our
results to be lower than the theoretical prediction is either due to an
underestimation of the round-trip loss or of the measured threshold. In any case
the average discrepancy in N; between theory and experiment is less than

4.5 um, or about 5%, which can be considered a good fit. The laser threshold
presents a minimum (and the laser gain a maximum) which occurs, as predicted by
the theory, when the average pump beam spot size along the interaction region is
minimum, This was achieved in our experimental arrangement with a focal length

f = 86 mm , which was used throughout our measurements on miniature lasers (since
they all had approximately the same length).

In Figure 21 we show the dependence of the slope efficiency on the pump
waist radius of the same laser (measured with the threshold simultaneously).
Again the measured data agree well with the theory. When the pump beam is
focused either too tightly or too loosely, the region in which population
inversion is created is not well matched to the signal mode, and a significant
fraction of the inverted population does not contribute to the stimulated
emission of photons. The range of pump waist radii which nearly optimizes the
slope efficiency is, however, relatively broad, from 10 um to 50 um in the
present example. The fact that the efficiency drops more rapidly in our
measurements than predicted is probably due to a more difficult alignment of the
pump and signal beam axis when using shorter focal length lenses. Also, in the
tight-focusing configuration, Wb (and 60) depend very strongly on W

P
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Figure 21--Experimental Verification of the Dependence of the
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meters are the same as in Figure 20.
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(w;3 law) and on the location of the waist with respect to the crystal, two

parameters which are not very accurately known,
B. FIBER LASERS

l. Experimental Arrangement

Work on Nd:YAG fiber lasers pumped at 0.5145 um was a direct continuation of
the analysis of Nd:YAG bulk lasers reported above, and presented a number of
similarities in experimental errangement and methods. The fibers used in all of
our measurements had their ends polished by the method described in SECTION II-C,
in which a number of fibers with similar diameters were bonded in a slotted
Nd:YAG cylindrical holder. To take advantage of the ruggedness of this
configuration the fibers were made into lasers as is, i.e., without removing them
from the polishing holder. To eliminate Fresnel end reflections, some fiber
arrays were anti-reflection coated. In such cases in-house facilities were used
to deposit so-called soft coatings directly on the ends of the holder. They
present the advantage of not requiring a high-vacuum, precluded by the epoxy
which normally out-gases. AR-coatings were thus simple quarter wave plates of
magnesium fluoride (Mng) approximately 1970 A thick., Theoretical investigations
show that the tolerance on the coating thickness or uniformity for a spurious
reflection smaller than .1% is about * 260 A, This was relatively easy to
achieve without a wavelength monitor, as shown by direct measurements as well as
subsequent laser measurements, which both indicated spurious Fresnel power
reflections of .1% to .5%.

A total of 16 fiber arrays, or over 120 fibers, were thus processed for
laser evaluation and related measurements under this program., For easy reference
these arrays, numbered 1 through 16, are listed in TABLE 6. This table also

lists the (approximate) fiber diameters and lengths, the number of fibers per
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array, as well as other characteristics. In a given array fibers were numbered
starting from the bottom of the slot, so that a given fiber is referred to by a
double number, such as #4-2, in which the first number refers to the array and
the second one to the fiber.

Arrays #1, 2 and 7 were fabricated for extensive laser characterization.
Arrays #5 and 10 were purposely polished into thin slabs for index profile
measurements. Arrays #3 and 4 , fabricated in two slots in the same holder, were
originally designed to be long enough that their aspect ratio would prohibit
propagation of a free-space mode. After laser tests they were cut transversely
for further laser measurements, becoming arrays #11 through 14, A few high-index
clad fibers were mounted in array #8 for polishing and optical measurements
performed under another program. Array #15 was prepared one step further as all
fibers were removed from the holder after polishing for fiber laser
miniaturization. Array #16 was fabricated to perform a series of new polishing
tests. Finally a few arrays (#4, 9, 12, and 14) were fabricated with fibers
provided to us by Bell Telephone Laboratories a few years ago, and were used to
measure the optical properties of Nd:YAG fibers from another source.

The optical cavity used for the evaluation of fiber lasers pumped at
0.5145 um is shown in Figure 22. The new arrangement presented only minor
modifications from the one used before. Miniature mirrors with dimensicns
2 x 2 x.5 mm were used with a view toward further miniaturization as well as to
keep the cost down. Each mirror was 1ightly bonded on a small bored cylinder
that was mounted on the tilt stage. A variety of such mirrors was available,
with transmissions T = 0% (HR) , 1% and 5%, flat curvature (R = =) , in sizes
ranging from 2 x 2 to 4 x 4 mm, and in approximate quantities of 20 each

(Reference 18).
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TABLE 6
LIST OF FIBER ARRAYS AND CHARACTERISTICS
AS AVAILABLE AT THE MOMENT

krray # Length Average Number of Comments
Diameter Fibers
1 7.8 mm 100 pm 11 AR-coated

g 40mm  230um TP
L 118w 9%um 5 AR-coated
T4 T 1w 80w s AR-coated/BTL fibers
s .asmm 80-120wm 11 Index profile measurements
I gm 20 wm 3 Glass holder
b gam 8w . MR-costed
D ~5m 0w 6 Clad fibers
e s5.6mm  65um 13 BTL fibers
10 ~0.5mm  250um 11 Index profile measurements
T 5.3m  95um s
2 5.3mm 80w s BTL fibers
179 5.5m  9%um s
R7E 5.5m  80um s BTL fibers
s 4.0m  250sm 10 Individual fibers
T ~3m 280w 10 Polishing tests
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Figure 22--Schematic of the Fiber Laser Cavity.
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The Nd:YAG fiber array was held inside the cavity by a miniature X-Y stage which
allowed us to position any fiber in the incident pump beam. The pump beam was
focused with a single lens and launched into the fiber through the back mirror
(high reflector).

Routine alignment of the optical cavity proceeded as follows. The selected
fiber was first aligned (tilts and x-y) in the fixed incident pump beam so as to
optimize the amount of pump energy confined to the center of the core, as seen at
the fiber output end. In the best cases a large fraction of the pump power was
in the fundamental mode, the rest of it being scattered in higher order modes.
Next the mirrors were aligned as before until a noticeable flickering of the pump
beam occurred, before being brought as close to the fiber ends as possible.

28 100 um Diameter Fiber Lasers

A first class of fiber lasers that were extensively studied are lasers with
~ 100 um diameter, in particular arrays #1 and #7. Laser action was successfully
observed in 13 out of the combined 18 fibers of these arrays. However, fiber #1-
4 gave by far the best results and was the object of most of the tests on this
type of fiber lasers,

Fiber laser #1-4 was tested with a 1% and 5% output coupler., Typical output
power curves are shown in Figures 23 and 24, With a 1% output coupler, the
maximum observed slope efficiency was 3% for a threshold of oscillation of
5 mW. The best threshold observed with this fiber was remarkably low, on the
order of 2.6 mW. With a 5% output coupler, the slope efficiency was up to 15%,
and the maximum output power observed was in excess of 10 mW for 80 mW of
absorbed pump power. Observed threshold with a 5% output coupler was as low as

7 mW,
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Figure 23--Output Power Versus Absorbed Pump
Power for Fiber #1-4 (T] = 1%).
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In both sets of measurements the output signal was in the fundamental single
transverse mode even at the highest tested pump power levels. The signal output
mode was also linearly polarized parallel to the pump polarization, up to
linearity of 1:200. This was expected in the absence of significant anisotropic
mechanisms such as birefringence to couple photon momenta. However, it was also
observed that depending on the cavity alignment, the laser output could be either
polarized or unpolarized, while the polarized state was reached when the laser
cavity was aligned to a low threshold. This suggests that when the fiber laser
is not properly aligned, the signal scatters on the fiber outer surface and
suffers random polarization scattering. This point will become clearer after
further discussion.

A note should be included here concerning the way the amount of pump power
absorbed by this type of fiber was estimated. First, as before, the
transmissions of the focusing lens and mirrors and the reflection coefficients of
the 1.064 uin AR-coating were measured at A = 0,5145 um . The total system
transmission was then measured. The absorbed pump power was deduced from the
above data assuming a 100% launching efficiency of the pump Gaussian mode into
the fiber. This last assumption is reasonable for such a large fiber diameter
and high numerical aperture (with n= 1.5 for the epoxy cladding index,

NA = 1,0 ). It was thus estimated that about 30% of the pump power incident on
the focusing lens was actually absorbed in the fiber. The agreement with our
earlier measurements in bulk Nd:YAG crystals of similar length indicates an

absorption coefficient of Nd:YAG fibers of ~ ,6 cm'1

at 0.5145 um, as confirmed
by individual fiber transmission measurements.
The tolerance on the alignment of the mirror tilts and of the fiber lateral

position was found to be quite easy to satisfy. The mirror-to-fiber end spacing
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was also not very critical. For this type of fiber laser, a spacing of up to
200-300 um on both fiber sides resulted in only a slight (~ 10-20%) increase in
the threshold, in agreement with theoretical predictions (see Section VI-A-4),

As expected, this spacing was more critical with smaller diameter fibers. On the
other hand, the tolerance on the tilt of the fiber with respect to the incident
pump beam seemed relatively demanding. As the tilt angle needs to be finely
adjusted to achieve efficient launching of low order pump modes, this observation
reflects our theoretical result: low order pump modes yield arn overall gain
factor up to twice as large as a high order mode distribution,

Again we found that although the cavity was not designed for optimum
stability and involved a fair number of inherently unstable translation stages,
the output of fiber lasers was remarkably stable - definitely better than
comnercial cw Nd:YAG lasers. The fact that our fiber lasers were run uncooled
and were not allowed to develop any significant temperature gradient probably
accounts for this improvement. The main source of instability was found to
originate from pump feedback into the argon-ion laser from spurious back
reflections. As the fiber laser could not be tilted without introducing a
misaligninent which would preclude efficient pump and signal overlap, this
difficulty was cured by placing an optical isolator between the pump laser and
the fiber laser. Short-term output power stability was then on the order of a
few percent, as attested by the good linearity of the output curves (see
Figyures 23 and 24) which took, in general, 5 to 10 minutes to record.

The laser measurements (s and Pth) done on fiber #1-4 suggest, using
Eqs. (50) and (52), a round-trip cavity loss on the order of 10 - 15%, and an
effective pump mode area of about 1-2 x 10'5cm2. The scatter in the many

measurements done with this or any other fiber reflects the relative difficulty
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in aligning the cavity to its lowest threshold. As mentioned above, the relative
fiber-to-pump beam tilt was rather critical and difficult to reproduce. In any
case a first conclusion is that the round-trip fiber laser loss is somewhat
larger than that of bulk crystal lasers. Secondly, although the same optics as

before were used to focus the pump (f = 86 mm), 'S appeared to be always smaller

P
in fibers than in bulk crystals. This observation suggests a higher signal mode

confinement.in fibers, and therefore a higher gain per unit absorbed pump power,

by as much as a factor of 4 to 10.

To verify this observation, and to analyze the quality of the signal mode
generated by fiber lasers, the mode structures of both pump and signal fiber
outputs were investigated. Far-field profiles were measured with a mechanically-
scanned apertured (< 500 um) detector, and were automatically plotted on a time-
base chart recorder. Near-field profiles were obtained by imaging the end of the
fiber on a linear 500 element Reticon diode array (12 um diode spacing) with a
short focal length lens. The ratio of the lens-to-fiber end distance dy to the
lens-to-cetector distance dy is the optical magnification factor M (in our
measurements, M = 18.5),

Typical far-field profiles measured for fiber laser 1-4 are shown in
Figures 25(a) and 25(b) (concluded) for the pump and the signal, respectively.
The mode distributions are very nearly Gaussian, By measuring the mode width at
the l/e2 power point for different fiber-to-detector distances, we found that
the signal beam was diverging like a diffraction-limited fundamental Gaussian
mode of waist at the fiber, W, = 25.4 ym, Similar results were obtained with
the pump beam, yielding Np =19 um . '

Near-field profiles are shown in Figures 26(a) and 26(b) (concluded) (pump

and signal, respectively). The recollimated signal beam is particularly clean,
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Figure 25(a)--Far-Field Profile of the Fundamental
Pump Mode (.5145 um, Fiber #1-4).
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Figure 25(b)--Far Field Profile of the Fiber Signal
Output tode (1.064 ym, Fiber #1-4).

...........



WL N WY e At i w  a P am T .

Figure 26(a)--Near-Field Profile of the Fundamental
Pump Mode (.5145 um, Fiber #1-4).

Figure 26(b)--Near-Field Profile of the Fiber Signal
Output Mode (1.064 ym, Fiber #1-4).
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suo that although such measurements were not performed, we believe a significant
fraction of the mode could be coupled into a single mode fiber, or focused to a
small diffraction-limited spot size (the slight double-image effect is only due
to the series of filters used to isolate the signal from the pump). Average

values computed from several measurements are ws = 19,7 um for the signal and

Np = 21.3 um for the pump.

These two sets of results agree well although we believe the far-field
measurements, which do not involve any optics, are more accurate. They indicate
a pump waist of approximately 19 um identical to the previously calculated value
of Np for this pumping arrangement. The pump beam was therefore not guided by
the fiber laser, although some degree of aperturing at the input and/or output
end of the fiber may have been present. The situation is different for the
signal. Assuming the signal mode was guided by the fiber, this value corresponds
to a fiber core radius of a = W./.645 = 39.4 um. (This last relationship was
derived using a computer model of mode coupling between a guided LPy) mode and a
fundamental space Gaussian mode, and agrees well with published data (Reference
17). This result is compatible with the val: the fiber diameter measured for
fiber #1-4, which ranges at least from 86 u. to 130 um, As expected the smaller
portion of the fiber imposes its size to the signal mode. These results clearly
indicate that at least in fiber laser #1-4 mode confinement is provided by the
finite transverse size of the fiber. MNote that since within the fiber the signal

mode is very nearly Gaussian with a constant waist radius, we can use the

Gaussian mode overlap theory of SECTION III-C to estimate A; . With

We ='WS ~ 26 um , , wp ~ 19 um and £ ~ 8 mm , we find Hb ~ 25 um and
* -
Ap = 2.0 x 10 5cm2 » 1in excellent agreement with the value inferred from
-5 2

threshold measurements (1-2 x 10 “cm”).



These conclusions were confirmed by further laser measurements on the other
fibers of array #l1. Laser action was successfully observed in 10 out of the 11
fibers of this array. Each laser measurement was preceded by a careful tilt
alignment of each individual fiber until the cleanest possible fundamental output
pump mode was observed. All fibers but #5 displayed a fairly nice fundamental
pump output mode. TABLE 7 summarizes measurements done on these fiber lasers
with T = 1% . Five fibers were operated with thresholds below 10 mW, of which
three were lased with less than 5 mW. The best results were obtained with fibers
#1 and #4, which yielded thresholds on the order of 3 mW only. These thresholds
were measured by observing the fiber laser output extinction with an infrared
camera and video monitor, so that these fiqures may differ in some cases from the
threshold extrapolated from output power versus pump power curves (see Figures 23
and 24). The amount of pump power absorbed by each fiber was estimated from
individual measurements of fiber transmission and discrete optical element
losses. TABLE 7 also shows the measured fiber transmissions at .5145 um
(corrected for end-face reflections, and assuming 100% coupling efficiency),
which again agree well with the generally accepted value of .6 em=l for 1 at.%
Nd-doped YAG., Note that this method leads to an overestimation of the absorbed
pump power (i.e., a worst threshold) as other mechanisms besides absorption are
certainly present. Finally, TABLE 7 also lists the diameter characteristics of
fibers of array #1. Fiber diameters were not characterized prior to mounting the
fibers, UDiameter data were therefore measured at each fiber end, of which ¢ is
the average value, and 4¢/¢ the relative difference.

A first conclusion of these tests is that all fibers do not display the same
loss characteristics, as reflected by the wide range of thresholds and

transmissions. A definite correlation exists between fiber transmission and

....................................



MEASURED DATA FOR FIBER LASERS OF ARRAY #1

TABLE 7

Fiber # ¢ 8¢ /¢ Transmission Pin
(um) (A = .5145 um) (mW)
1-1 97 20.3% 67 3.ja0
1-2 95 17.4% .13 .3
1-3 101 19.2% .66 16.2
1-4 110 37.2% .67 2.6
1-5 91 20,5% < .30
1-6 94 11.2% .67 4.0
1-7 91 46.9% .46 72.3
1-8 92 27.8% o712 6.4
1-9 94 22.6% .60 40.7
1-10 96 13.0% .65 9.0
1-11 91 20.9% .62 36.0

- 97 -




AP R " m PR ™ M " a P Mt n® a®a”

laser threshold, as illustrated in Figure 27. In this figure the threshold is
plotted versus the overall loss coefficient as for the fibers of array #1.

The loss coefficients are computed from T = exp(-asl) with % = 7.7 mm , and
include the absorption coefficient a . Fibers with the lowest transmissions
have the highest thresholds. Visual inspection of the fiber under a microscope
or of the quality of the pump mode transmitted by the fiber also provided a clear
indication of the best fiber samples and a prediction of the best fiber lasers.
For example fibers #5 and #7 appeared more optically opaque (at visible
frequencies) than the other fibers, while the transmitted pump beam was scattered
into several modes at the fiber output. As expected, these two fibers display
the highest thresholds. Another correlation was observed between threshold and
diameter variations, as shown in Figure 28, or equivalently, between fiber
transmission and diameter variations., The fibers with the largest diameter
fluctuations display the highest propagation loss.

These observations give additional weight to our initial conclusions
concerning the confinement mechanism involved in fiber #1-4, Since flat mirrors
were used, some mechanism other than the focusing effect of the cavity optics had
to be responsible for the relatively tight confinement of the signal mode. In
fact, an unguided laser with flat mirrors is unstable unless, for example,
apertures (such as naturally provided by the fiber) are introduced inside the
cavity. This was verified by observing lasing action in bulk Nd:YAG with two
flat mirrors. The resulting laser had a very high threshold (~ 100 mW), was very
sensitive to mirror adjustment, and provided an odd-shaped mode (laser action was
taking place along several optical paths). This behavior is characteristic of
unstable resonators. The absence of such characteristics in our tiber lasers

indicate the presence of either guiding action or some aperturing effect.
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Figure 27--Threshold versus Loss Coefficient
in Fiber Lasers of Array #1.
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Figure 28--Measured Threshold versus Measured
Fiber Diameter Fluctuations for 10
Fiber Lasers (Array #1).
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For all the fibers of array #1 the ratio of fiber length to diameter (aspect
ratio) is small enough that a Gaussian mode at the sigral frequency could indeed
propagate through the fiber without being aware of the finite transverse size of
the fiber. It was therefore difficult to conclude whether total internal
reflection or local aperturing at the smallest section of the fiber was
responsible for signal mode confinement. However, it appears clear that
aperturing is also responsible for (1) the greater gain per unit pump power
available in fiber lasers, (2) the increase in cavity loss observed in fiber
lasers, and (3) the consistent oscillation of all tested fiber lasers on the
fundamental mode exclusively, regardless of the pump or cavity configuration, as
higher order modes experience higher loss. The fact that the fiber loss is worse
in fibers with larger diameter fluctuations also shows that in smaller diameter
fibers in which mode confinement is provided by the finite transverse fiber size,
it is important to keep diameter variations to a minimum. The relatively
important diameter variations of the fibers of array #1 are most probably
responsible for the residual cavity loss observed with these fibers,

In TABLE 8 we summarize the results obtained with the fibers of array #7.
They include fiber diameter, crystal and polishing quality, fiber tilt with
respect to the holder axis, measured oscillation threshold and calculated round-
trip loss. All fibers of array #7 were tested for laser performance using the
same experimental arrangement (1% output coupler). We found that three of them
could be easily brought to oscillation while the other four could not be lased at
all. It appears that fiber #7-2 could not be lased because of poor crystal

quality (the fiber appeared dark in the microscope). In fibers #7-5, #7-6,



CHARACTERISTICS OF FIBERS IN ARRAY #7

TABLE 8

Fiber Diameter Tilt Polish/ Threshold Round-trip
# (um) Angle Crystal (mW) Loss
Quality
7-1 78.1 oo Slightly 3.8 ~ 18%
Gray
7-2 80.3 -61* Dark
7-3 90.0 06° 0K 16.0 ~ 60%
7-4 86.0 52° Two small 4.6 ~ 19.5%
Chips
7-5 87.3 1.0 0K
7-6 7 .4 1.58° One Small
Chip
7-7 85.8 4,2° 0K
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and #7-7 lasing was probably prohibited by unusually large fiber tilts. A large
fiber tilt has two effects: (1) it prohibits constructive interference of
spurious Fresnel reflections at the fiber ends with the main signal (see next
section); (2) it eventually requires mirror tilt angles larger than can be
achieved with our gimbal mounts (+ 2°). Apparently, the limit of acceptable tilt
(or laser end-face paralielism) is on the order of 1°, As expected, the
outermost fibers (furthest from the bottom of the groove) pick up the highest
tilt angle during bonding. This suggests the use of less than ideal quality
fibers as fillers in future holders. Two of the fibers which lased show near
state-of-the-art performance, with thresholds lower than 5 mW. Again a clear
correlation was observed between the threshold level! and the mode quality of the
pump mode at the fiber output.

With a 78 um diameter fiber #7-1 is the smallest of this type brought to
oscillation., Its laser slope efficiency was measured to be 2.6% (with a 1%
output coupler). This value suggests a round-trip loss of 18,.6%, and combined
with an extrapolated threshold of 7 mW, an effective pump mode area

* o .
A =1.,04 x 10 5cm2 . The signal mode area has a calculated radius of 18 um in

P
agreement with a theoretical value of .645 x a = 25 um (this fiber probably has a
slightly smaller diameter somewhere along its length).

Finally, the longitudinal mode structure of ~ 100 um diameter fiber lasers
was analyzed with Fabry-Perot (F.P.) interferometers placed at the laser
output. The ring pattern given by the interferometer was observed on a TV-
monitor with an infrared camera. With a 1 en! free spectral range (FSR) F.P.
etalon, we saw that these fiber lasers were running single longitudinal mode at,

and near, threshold, and that a second mode was soon appearing above threshold.

As the pump power was further increased, a third mode appeared (about twice above



threshold). The mode spacing was measured to be &v = 33 cm'1 , i.e., exactly

1/3 of the etalon FSR, compared to a predicted value 4v =1/2 nt (n = 1,82,

1= 8 mm) of .34 cml. The use of a 10 cm~! FSR etalon revealed the presence
of 4th and 5th longitudinal modes, previously undetected as they overlapped with
the 2nd order rings of the lst and 2nd mode, respectively. The 4th mode appeared
3 times above threshold, and the 5th one 5 to 10 times above threshold. No more
than 5 modes were observed up to the maximum available pump power

(P ~ 180 mW). This result is expected in a homogeneously broadened laser

abs
material where in general ~ 5 modes only are required to saturate the gain to a
uniform profile (along the action medium) through spatial hole-burning. Note

however that, again as expected, the two first modes to appear carried most of

the laser output energy.

3. Short Fiber Lasers

The series of measurements made on ~ 100 um diameter, ~ 8 mm long Nd:YAG
fiber lasers (aspect ratio = 80) indicated that it would be interesting to
attempt reducing cavity loss by moving toward lower aspect ratio fiber lasers.
This was achieved with fiber array #2 (see TABLE 6), with a length of 4.0 wm and
fiber diameters ranging from 213 um to 255 um, or an aspect ratio of ~ 17. This
array was the object of extensive measurements, reported in this section.

Using the same experimental arrangement as before, all the fibers of array
#2 were lased at one point or another. Since they all showed approximately the
same operating characteristics, most of our measurements were concentrated on one
of them, namely fiber #2-5 (unless otherwise specified). Initial measurements
indicated a threshold of 5 mW, a linear output curve with a slope efficiency of

2.2% (T = 1%) and a calculated round-trip loss of 22%. For these shorter lasers,
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approximately 16% of the pump power incident on the lens (f = 98 mm) was actually
absorbed by the fiber,

A first important remark must be made concerning the fact that these fiber
lasers were operated without AR-coatings, while the observed round-trip loss is
still much less than would be expected from the Fresnel loss
(4 x 8.5% = 34%) alone. In the present geometry the laser cavity actually
consists of three optical cavities, namely the fiber itself and the two cavities
formed by each fiber end and mirror. Provided scattering at the fiber ends is
small, the two end-cavities can have their lengths adjusted to bring their
respective longitudinal mode to coincide with one of the longitudinal modes of
the fiber cavity, at least in principle. We believe this is what was indeed
observed, as hinted by the relatively low cavity loss. The laser cavity
alignment was also far more critical on the mirror longitudinal position than
usual, as expected. When the mirrors were brought to locally contact the fiber
holder the cavity could be mechanically stabilized well enough to perform further
measurements,

During the experimental study of array #2 we observed that the alignment of
the incident pump beam with respect to the fiber axis was critical to the
performance of the laser, in terms of both its threshold and efficiency. A
theoretical analysis of the effect of a relative offset or tilt between pump and
signal modes on the laser characteristics was conducted (see APPENDIX D). In
essence, either a relative constant offset (the two mode axes remain parallel but
offset by & ) or an angular offset (mode axis at an angle, a ) spoils the
modal overlap and reduces the laser slope efficiency while increasing the
threshold. The analysis shows that tolerance on a constant offset is easy to

meet, as the modes must be coaxial to better than & = wp/s for 90% optimum
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performance. On the other hand, the effect of an offset is rather significant,
and tilt angles must be kept below a critical value of about 1/2 degree for
acceptable performance. Meeting this last condition was, in general, difficult
to achieve experimentally as the fiber positioner (see Figure 22) was not
equipped with fine tilt stages.

Careful fiber tilt alignment was possible, however, using available
adjustments. We found that, as predicted by the theory, a great improvement in
laser characteristics was brought about by minimizing the spurious tilt angle
betweer: the pump and signal beams. This angle was measured by observing in two
orthogonal directions the signal and pump output beams coming out of the fiber
laser with a fixed diode array. This angle could then be minimized, and possibly
cancelled, by rotating the fiber axis in the appropriate direction and by an
appropriate amount. We thus observed that the threshold was decreasing and the
slope efficiency was increasing when the beam angle was reduced. The fiber laser
performance was near optimum for tilt angles smaller than ~ .4°, which shows that
our theoretical analysis is fairly accurate, if slightly pessimistic. This
improvement led to the demonstration of the lowest-loss fiber laser developed
under this program. Figure 29 shows the output power curve of the laser as
measured after bringing the beam tilt angle down to ~ .14° (2.4 mrad). A
maximum output power of 9 mW was obtained, with a threshold of ~ 11.5 mW and a
slope efficiency of 31%. As before, the output beam was polarized linearly
(1:100, parallel to the pump polarization), and even at the maximum tested output
power the fiber laser was running single transverse mode. These combined
characteristics make this device the most efficient fiber laser yet demonstrated
in our laboratory. Its output power of 9 mW at 40 mW of pump power is well in

excess of our original 5 mW goal, and was only limited by the maximum output
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power tested, not by any fundamental limit. Similarly the observed slope
efficiency was only limited by the choice of output coupler transmission
available,

These and other measurements with T = 1% were compatible with a residual
fiber loss 61 = 2.8% only, or, assuming fiber propagation loss is dominant, an

overall fiber loss factor of g .035 cm"1 (.15 dB/cm), The pump effective

'1, which reflects a

area A; estimated from laser measurements is 4,1 x 10'5cm
relatively tight mode confinement.

The signal output mode was found to be a very clean and symmetrical single
fundamental mode. Measurement of the far-field profile with a high-resolution
diode array yielded the value of 30.8 um for the mode radius inside the fiber
compatible with the measured value of A; . Compared to the 234 micron diameter
of fiber #2-5, this value suggested again the presence of some guiding mechanism,

An investigation of the possible guiding mechanisms present in a fiber laser
was conducted to explain this behavior (APPENDIX E). It showed that index
gradients due to the crystal structure itself or its surrounding (cladding) are
by far the strongest guiding mechanism., In fibers with inhomogeneous loss, loss-
guiding may also be a strong possibility. However, other mechanisms such as
nonlinearity, x'-guiding, thermal lensing or gain-guiding have small or
negligible effects on fiber laser modes (see TABLE E-1). As a corollary, these
intensity-dependent mechanisms have also negligible limiting effects on the fiber
laser performance, whereas they do become troublesome in high power solid state
lasers,

In order to verify the presence of gain-guiding, the scme fiber was brought
to oscillation with different pump mode sizes - if gain-guiding was the main
guiding effect the signal mode profile was expected to show some dependence on

the gain radial profile. However, within exp:rimental errors, measurements
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TABLE 9
MODE MEASUREMENTS IN FIBER LASER #2-5

f Wp W Pth
(mm) (Measured, (Measured, (mW)
um) um)

55 13 31.7 5.5
98 17.2 30.8 9.5
177 28,2 31,0 8.4

indicate no such dependence (TABLE 9). Although the pump waist size was changed
fron 13 to 28 um the signal waist radius was constant and equal to about 31 um.
Two other observations further support our belief that gain-guiding was not the
main guiding mechanism in these fibers: (1) in some cases the pump and signal
beams emerging from the fiber laser were not coaxial; (2) when rotating the fiber
(to cancel the tilt angle) the signal beam followed the fiber axis while the pump
beam was virtually unaffected.

A second effect that might have been responsible for the confinement of the
signal mode is the optical cavity. We therefore checked the curvature of laser
mirrors. Mirrors were tested against an optical flat under a coherent, quasi-
monochromatic source. Their flatness was excellent, probably better than A/2
across the entire mirrors. When bonded in the same fashion as they are when used
in external cavities, they showed a very slight curvature estimated to have a

radius of curvature of several meters. The (bonded) mirrors used in our laser
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cavity with fiber array #2 were further tested to provide a better measurement of
their curvature. By observing the divergence of a He-Ne laser beam reflected
from and transmitted through these mirrors we were able to find that the mirrors
do have a slight positive curvature, that both sides have approximately the same
curvature, with a radius in excess of 3 meters for both mirrors. However, to
explain a 30 um signal mode, a curvature of 1.2 ¢m would be necessary. Therefore
no significant mode confinement was provided by the mirrors.

Another possible guiding mechanism was real 8n-guiding to an index profile
within the fiber. The presence of such a profile was suspected on the ground
that during fiber growth, the large temperature gradient that develops between
the surface and the center of the fiber favors migration of Nd-ions (and other
impurities) towards the fiber center. This effect is indeed routinely observed
during the growth of Nd:YAG boules. Simnle thermodynamic considerations would
then suggest that larger diameter fibers develop larger Nd: concentration
gradients. Since Nd impurities increase the index of YAG (Reference 12), a
positive, quiding index profile might be present in larger fibers.

The so-called interferometric slab method was used to attempt detecting such
index profiles in CMR-grown Nd:YAG fibers. Thin slabs of fibers were placed in
one of the arms of a Mach-Zehnder interferometer and the magnified image of the
slab surface was formed on a screen. When the interference field is originally
uniform (constructive interference), any index variations across the fiber appear
as sets of fringes. For example, a cylindrical index profile yields a set of
concentric circular fringes. When the interference field is originally fringed,
the same index variations appear as distortions of these fringes across the image
of the fiber. In both cases a two-dimensional mapping of the fiber index profile

is generated., By counting fringes in the first case, or fringe shift in the
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second, one has access to the index information. If t 1is the slab thickness
and A the wavelength of measurement, the index difference between two
consecutive fringes is given by 2ntAn/A = 1w ,

This method was applied to arrays #5 and #10 (see TABLE 6) using a He-Ne
laser as a source., The slabs were cut from longer holders in which the fibers
were mounted as before, then polished to a thickness of ~ 500 micrors, The
fibers tested had diameters ranging from 70 to 250 microns,

We show in Figure 30(a) (fiber diameter = 95 um) and 30(b)(concluded)

(120 um) two typical fiber interferometric images obtained in a fringed field.
As was observed for all of the fibers, the interferometric field distortion
introduced by the fibers is minimal to the point of being barely noticeable, say
a phase shift smaller than 1/4 fringe. In uniform field none of the fibers
introduced any noticeable fringe. Only fiber #5-11 [Figure 30(b)] seemed to
introduce some fringe distortion near its center, Estimating this distortion to
be one quarter of a fringe, the maximum observed index gradient is ~ 2 x 10'4.
Compared to the maximum value of l.1 x 103 expected in 1% doped Nd:YAG, this
value indicates that the gradient of Nd-concentration across any of the tested
fibers is less than 20%. Fiber #5-11 was also the largest of fibers in array #5
(¢ ~ 120 um).

Repeating these measurements with ~ 250 um diameter fibers (array #10), we
observed that the fringe pattern of each fiber was slightly distorted, and in
general more so than for the smaller diameter fibers of array #5. However, it
raised the question of the exact origin of this fringe distortion, which can be
either a slight curvature of the fiber end surfaces, or a gradient of index

within the fibers. The fiber end flatness is on the order of, or better than,

[P T TR T U Rt I 1 U S 0 S PR B LN



Figure 30(a)--Interferogram of Nd:YAG Fiber #5-9.




A/4 , i.e., on the order of the fringe shift created by the type of index
gradient to be measured. For example, the top fiber of array #10 had poorly
polished ends as it was somewhat loosely bonded, and showed strong fringe
distortions on the order of one fringe. A hasty conclusion would have
erroneously attributed it to a strong index gradient.

Since flatness is difficult to map accurately, discrimination between these
two effects is also difficult., A possible method to eliminate the unwanted effect
of residual fiber end curvature would be to place the fiber array between two
high-quality optical flats (say, better than A/10 flatness) and insert an index
matching liquid between the flats and the array. Ideally both the liquid and the
optical flats should have the same refractive index as the fiber (here ~ 1.82 for
Nd:YAG). When implemented with glass microscope cover slips (which are locally
very flat) and a 1.45 index matching liquid, this approach showed a slight
reduction in fringe distortion. However, because the matching was imperfect, the
conclusion is not very firm.

Although it is clear that further measurements are required to finalize this
point, we believe the presence of a slight index gradient in larger Nd:YAG fibers
is still a good possibility. Two guiding mechanisms in fibers of array #2
therefore remain possible, namely 8n-guiding and loss-guiding. This last
mechanism would originate from the inhomogeneous transmission of ~ 250 um
fibers. When probed with a tightly focused (w~ 10 um) optical laser beam at
A =633 nm, they all show that some regions of the fiber transmit the signal
with less distortion than others. In a particular fiber this region of better
optical quality would thus offer a low-loss path to the laser signal (at
1,06 um), which would be confined to it by the higher loss of the surrounding

region. This hypothesis is to be correlated with our observation that in 250 um
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fibers lasers, the signal state of polarization (SOP) was a function of mirror
alignment. When the fiber laser was aligned to its lowest threshold, the signal
and pump SOP were identical. When the cavity alignment was intentionally
spoiled, the signal SOP was altered (e.g., to a 1:10 linear polarization, down
from 1:100 in the best alignment case). This indicates that the fiber laser may
actually operate in two different states, the first one being the guided state,
and the second one the unguided state. In the second state the signal would be
more strongly aware of the outside part of the fiber and suffer more loss (higher
threshold) and polarization alteration through scattering. These two operating
states were also correlated to the signal transverse mode profile, which was
circular when the mode was guided, and more elliptical (up to ~ 1:2 ellipticity)
when the mode was "unguided". These observations make us believe that in these
particular fibers, 1oss-guiding is probably the dominant guiding mechanism.

4, Guided Fiber Lasers

Another area of interest was the demonstration of guided laser action in
Nd:YAG fibers with a large aspect ratio. This was performed with fibers of array
#4 which, with an average fiber diameter ranging from 78 um to 81 um and a length
of 11.8 mm, have an aspect ratio of ~ 150.

With a cavity mode of a high reflector and a 1% output coupler, only two of
the five fibers (#4-1 and #4-5) were successfully brought to oscillation. Again
we noticed a definite correlation between the measured laser threshold (i.e. the
fiber loss) and the quality of the pump mode coming out of the fiber. Fiber
laser #4-1 had a threshold of about 54 mW (absorbed power). The pump mode
quality was not nearly as good as that of fiber #4-5, which exhibited a threshold
of only 3.5 mW. In both cases the output was a single transverse mode

(fundamental). The signal polarization was again identical to the pump
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polarization when the cavity was well aligned.

Characterization of fiber laser #4-5 led to a number of very interesting
conclusions. First we noticed that despite its low threshold, it had a very
small slope efficiency (200 uW of output at PabS =50md , or s = .5%). It
indicates a high single-pass loss, on the order of 60% (+ 15%). Since this loss
was offset by only pumping the fiber with about 3.5 mW, it also means that this
fiber provides a very large round-trip gain per unit pump power, approximately
14%/mW, or .6 dB/mW. This was confirmed by measurement of the pump and signal
mode radii, W_ = 16 um and NS = 14,6 um , respectively. The calculated pump

P
* 4
mode effective area is then A_ = 7.4 x 10 6 cim? » corresponding to an expected

p

gain of precisely 13%/mW, as measured. These results are consistent with a value
of 0 =2,3x 10'19cm2 as before, although the fibers of array #4 originated from
Bell Telephone Laboratories. Although the fiber is relatively lossy, it also
provides a good mode confinement and a high gain factor.

Prior to mounting, the fibers were cut into 12 to 13 mm length pieces and
their diameter measured on a traveling-stage optical microscope (resolution
= ,5-1 um)., Each fiber was scanned along its length and lows and highs of its
diameter (which occurred every 300-600 um) were recorded (25 to 35 data points
per fiber). We show in TABLE 10 the characteristic diameter variations of each
fiber: average diameter ¢ , average diameter variation 4¢/¢ , and maximum
)fe .

The measured value of ws = 14,6 um corresponds to a Rayleigh range in

diameter variation (¢max L
Nd:YAG of 2z, = 1.15 mm , much shorter than the fiber half length (~ 6 mm). The
signal therefore appears to be guided by the fiber. Note also that the pump mode
was barely guided (zR = 2,84 mm). With an average core radius for fiber #4-5 of

a = 39.9 um , the expected signal radius is .645x a = 26 wmn , larger than
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TABLE 10
DIAMETER DATA. OF FIBER ARRAY #4

Fiber # ¢ 8¢ /9 (®rax = min)/®
(um)
4-1 80.2 6.7% 21.9%
4-2 78.6 6.5% 19.1%
4-3 80.6 9.6% 40.1%
4-4 71.9 5.4% 16.0%
4-5 79.8 7.2% 28.3%

the measured value. Again we find that aperturing by the thinnest sections of
the fiber is probably responsible for the unusually small signal mode size.
This provides, however, a clear demonstration of laser action in a guided
fiber laser in which the guiding mechanism is provided by the fiber aspect
ratio. It also confirms our general impression that the main source of loss

in fiber lasers is propagation loss (crystal bulk and/or surface quality).
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SECTION V
LASER-DIODE-PUMPED FIBER LASERS

As mentioned earlier, pumping Nd:YAG fiber lasers with cw laser diodes
operating in the 810 nm region offers a number of interesting features and
advantages. First, Nd:YAG presents a strong absorption band in the 800-820 nm
region (Figure 31) and laser excitation via this pump band can be performed
with shorter fibers, and therefore lower loss cavities. Second, the pump
photon energy is only 25% larger than the signal photon energy, and high laser
energy conversion efficiencies are expected. Finally, the size of the pump
source is matched to that of the fiber laser, and device miniaturization is
possible.

Until recently, the major restriction encountered in pumping Nd:YAG
lasers with laser diodes was their low power (10-15 mW) and out-of-band
wavelength (< 825 nm). Although in principle GaAlAs diodes can be made to
emit anywhere between 800 nm and 860 nm by controlling their Al-doping, most
manufacturers still do not supply wavelength-tailored diodes on a routine
basis. However, for the purpose of the present work, we were able to purchase
laser diodes from Hitachi with emission wavelengths specified to 810-820 nm
and output powers up to 15 mW. Also, the Palo Alto Xerox Research Center
generously loaned us several diodes specifically fabricated for Nd:YAG laser
pumping applications.

The availability of these diodes made possible the demonstration of low-
threshold LD-pumped Nd:YAG fiber lasers. We report below the results of this
work. Data on laser diode characterization, LU-to-fiber optical coupling, and

LD-pumped Nd:YAG bulk and fiber laser operation are presented.

- 117 -



——

i
|

Absorption spectrum of
17 doped Nd:YAG .

‘Tl
S

;"’lll n B 1'“" -3]0lnm

Figure 31--Absorption Spectrum of ~1% Doped Nd:YAG in the 810 nm
Region, measured on a Perkjn-Elmer Model 330 Spectro-

photometer (Resolution=~.7 A). Sample Thickness is
6 mm. Full Vertical Scale represents ~100% Absorption.
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A. LD CHARACTERIZATION

In the course of this work, a total of 6 laser diodes emitting in the
820 nm region were available. Two of these diodes were manufactured by
Hitachi (HLP-1400). The other four laser diodes, on loan from another
research group in the Ginzton Laboratory, were provided by the Palo Alto Xerox
Research Center. In this section we describe the characteristics of the two
diodes that were actually used in fiber laser pumping experiments, namely one
of the single-stripe Hitachi laser diodes (Hitachi #2) and one of the
multiple-stripe Xerox diodes (#X-2).

1. Hitachi Laser Diodes

We show in Figure 32 the output power versus current characteristics of
Hitachi #1 provided by the manufacturer., A typical threshold of oscillation
for these diodes is Ith = 60-70 mA , with a maximum output power of
approximately 15 mW, This particular diode was selected for its lasing
wavelength of about 815 nm at 10 mW of output, well matched to the absorption
of Nd:YAG (see Figure 31).

The Hitachi diodes were operated with a custom made power supply designed
and fabricated by Ginzton Laboratory technicians, which includes a power
supply and a mother board to eliminate current spikes that may be harmful to
the diode junction. Our own measurements with Hitachi #1 indicated a similar
threshold to that specified by the manufacturer, but a maximum output power of
only 11-12 mW (versus 15 mW specified) at a maximum current of 137 mA. The
laser wavelength, measured with a ¥ 4 A resolution grating monochromator, was
found to vary from 814 nm at threshold to 817 nm at full current. This

corresponds to a o6A/8i of .5 A/mA typical for this type of device.
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Figure 32--Characteristics of Laser Diode HLP-1400
provided by Manufacturer.
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The second Hitachi diode (Hitachi #2), on loan from Hitachi Corporation
as a back-up unit, was found to emit about 25% more power (14-15 mW) at a
slightly longer wavelength (~ 817-821 nm). Because of its higher maximum
output power it was preferred to Hitachi #1 for laser pumping experiments.

2. Xerox Laser Diodes

As mentioned earlier, two types of cw laser diodes were loaned to us by
the Palo Alto Xerox Research Center. The type of interest here is a new
experimental laser diode recently developed at Xerox and not yet commercially
available. They are multiple-stripe diodes made of a linear array of
approximately 10 gain-guided lasers on ~ 10 um centers (Reference 20). Such
devices have been shown to emit as much as 2.5 watts per facet (Reference
21). By operating these lasers simultaneously in a phase-locked manner, near
single-lobe far-field patterns have been observed which should yield high
coupling efficiency to small core optical fibers (Reference ).

The device reported here was of the same type but was not phase-locked.
Its output power curve is shown in Figure 33. A maximum cw output of
~ 165 mW was obtained with a forward current of 730 mA, as measured by the
manufacturer. The threshold of oscillation was reached with a forward current
of about 250 mA. At this relatively low output power (this particular diode
could be operated up to 400 mW per facet) it is believed that the diode
lifetime could be extended from 100 hours (at 400 mW) to 1000 hours or more,
suitable for extensive characterization and measurements.

Operatio~: of this diode in our laboratories was delayed toward the end of
this contract by unforeseen difficulties in the design and fabrication of its
power supply. The requirements on this supply are actually quite demanding as

it must deliver nearly 1 ampere of cw current with little transient spiking.
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Figure 33--Power versus Current Curve for
High-Power Laser Diode Array
#X-2 (from Xerox Research Center,
Palo Alto, California).
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Initial tests showed that the laser diode hod to be mounted on a separate
holder to avoid damage from the heat generated by the regulating circuitry
(which is placed in the same holder as the laser diode for the lower power
Hitachi diodes). These difficulties wer2, however, successfully solved and
the diode routinely operated before the end of this contract.

Observation of the output mode pattern of this diode (labeled #X-2 in the
following) showed a series of vertical lines, each of which corresponds to the
output of one of the lasers in the array. Diffraction in the vertical
direction (i.e., perpendicular to the plane of the array) was very strong as a
result of the small size of the junction in this direction. The threshold of
oscillation was found to be ~ 280 mA, while the maximum output power after a 5

minute warm-up was about 120-140 mW at ~ 780 mA.

B. LD-TO-OPTICAL FIBER COUPLING

The coupling of a laser diode beam into an optical fiber was investigated
for a variety of configurations to optimize the amount »f absolute power
launched into crystal fiber lasers. In their present configuration the fiber
lasers operated with external mirrors do not lend themselves well to direct
butt-coupling, and most of our efforts were concentrated toward a suitable
imaging of the diode output facet on the input end of a fiber. The laser
diode output was thus first recollimated into a nearly parallel beam before
being focused to a small spot size and coupled into the fiber. In these and
in following measurements, the laser diode was mounted on an aluminum block
for mechanical stability. Recollimating optics were mounted on the same
block, together with all required micro-positioners. The entire holder,

approximately 3 x 5 x 5 inches, could then be positioned anywhere on the



optical bench like any ordinary laser. Results obtained with both types of
diodes are described below.
1., LD #H-2

The use of Selfoc lenses as collimation and focusing optics was
particularly attractive because of their small size and potential for
miniature systems. Using a miniature x-y-z stage mounted on the holder
described above to position a single high-numerical aperture Selfoc lens
(Reference 22) in front of the laser diode junction, the LD output beam was
recollimated without significant loss of power., However, when using either a
low or high numerical aperture Selfoc lens to approximately recollimate the
laser diode output beam, two difficulties arise. First the spot size of the
approximately recollimated beam is very small, estimated at 100-200 um. To
focus this beam to a ~ 40 um spot for fiber laser excitation, a relatively
short focal length lens is required to make up for the small recollimated
beam, on the order of a few millimeters. This focal length does not leave
enough working distance between the lens and the input fiber end (the mirror
gimbal mount is 30 mm thick). Slightly defocusing the Selfoc lens does expand
the recollimated beam (and allows one to use slightly longer focal length
lenses). However, because of the small diameter of the Selfoc lens (¢ 1 mm)
it also reduces the fraction of diode power captured by the Selfoc. The
second problem is that the recollimated beam shows a series of concentric
rings surrounding the brighter central spot due to the strong geometric
aberration of our Selfoc lenses. The poor quality of the beam is expected to
be detrimental to fiber launching efficiency.

The Selfoc lenses used in these measurements were acquired several years

agyo. Recent reports on progress in Selfoc lens technology indicate that new
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generations of lenses have much better overall quality and properties
(Reference 23). In particular, laser beams have been focused to ~ 1 um spot
sizes using lenses with reduced geometric aberration. Consequently,we believe
new Selfoc lenses should be more adapted to the problem at hand. The working
distance problem will be eventually taken care of in future fiber laser
designs by either implementing smaller mirror gimbals, or bonding the mirrors
directly onto the ends of the fiber laser.

As an alternative solution we replaced Selfoc lenses by microscope
objectives, which yielded a greatly reduced ring structure in the recollimated
beam. Optimization of the recollimafed power was achieved by using objectives
with increasing power and numerical aperture (N.A.). A large area silicon
detector, calibrated against a Spectra Physics 404 power meter, was used for
power measurements. For each measurement the microscope objective was
carefully aligned to provide a beam collimated at infinity. Results are
summarized in TABLE 11 and Figure 34, As expected, the amount of total power
carried by the collimated beam increases with the objective numerical
aperture, converging to an asymptotic value corresponding to maximum diode-to-
objective coupling efficiency. This value is essentially reached for a N.A.
of .5, corresponding to the maximum divergence angle of the diode output beam
(~ 30 °). The maximum measured coupling efficiency is about 86%. The
residual 14% is probably due to Fresnel loss in the objective. In the case of
the 40x and 60x objectives, the recollimated beam was slightly diverging
because the front face of the objectives could not be brought close enough to
the diode. The divergence angle was, however, small enough to be of no
consequence for further focusing. Figure 34 shows the actual collimated

optical power at full diode current. Over 12 mW of collimated power was thus
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TABLE 11

RECOLLIMATION MEASUREMENT DATA FOR LASER DIODE #H-2

(HITACHI HLP-1400)

Objective N.A. Pout/Pinc Beam Divergence
Power

5x .10 27.9% Collimated

10x .30 67.7% Collimated

20x .40 70,3% Collimated

20x .50 75% Collimated

40x .65 79.7% Slightly divergent

44x .66 85% Collimated

60x .85 86% Slightly divergent
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available with microscope objectives.,

A number of additional optics were tested to attempt optimizing the
recollimation while implementing different optics. A highly multimoded
plastic core fiber was used to capture the laser diode beam. The fiber used,
two feet in length and surrounded by a flexible jacket, had a 1 mm diameter
core and a N.A. of .5, The measured fiber output power at full diode current
was about 10.5 mW, i.e. similar to that obtained with a 20x microscope
objective, as expected. The output power was essentially uniformly
distributed in a ~ 20° angle circular cone. Although this configuration does
not recollimate the diode beam, it may have some interesting applications with
large area laser diodes. It may also provide a simple solution to the problem
of bringing the diode beam to the single crystal fiber.

Attempts at implementing a single high refractive index, short focal
length lens (n = 1.8, f = 2-5 mm) to recollimate laser diode beams were not
successful so far. Although such lenses captured a large fraction of the
diode power, the recollimated beam showed a series of concentric rings similar
to those observed with Selfoc lenses. Again this was due to lens geometrical
aberrations, although the lenses used were specified by the manufacturers as
having a low level of aberration.

The conclusion of these tests is that the highly diverging output beam of
laser diodes requires optics specially corrected for aberration for proper
recollimation. Observation shows that even the cheaper brands of microscope
objectives introduce relatively little ring structure to the laser beam as
compared to a single good quality lens, whereas quality objectives yield very
clean recollimated beams. Aberration-corrected multiplets seem to be a good

solution to the problem. It should be noted here that such special optics do
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not necessarily occupy much more volume than miniature optics such as Selfoc
lenses. For example, the effective size of the optics involved in a 60x
objective is typically on the order of 2 mm in diameter by 8 mm in length.
Such a small size is definitely compatible with miniature fiber laser
dimensions.

Measurements on coupling to a Nd:YAG fiber were done using a 20x
objective to recollimate the pump beam. Coupling to fibers of array #7
(¢ = 85 um , see TABLE 6) was optimized when focusing the recoliimated beam
with a ~ 20 mn focal length lens, yielding 85% coupling efficiency. Longer
focal length lenses, which are required because of the minimum working
distance (~ 30 mm) imposed by the mirror imounts, also gave hiyh coupling
efficiencies by making the recollimated beam slightly divergent. By modifying
the beam divergence, the focused spot size could be greatly varied. With an
80 mm focusing lens and an adequate divergence, collimation was adjusted to
produce a ~ 14 um x 56 um focused spot, as measured with an imaging diode
array. Under these conditions the launching efficiency into the crystal
fibers was near 100% (except for Fresnel loss). This method was widely used
in fiber laser tests to optimize the focused spot size of the pump within the
fiber,

The absorption coefficient of either Nd:YAG bulk crystals or fibers at
the laser diode wavelength (at full current) was found to be about 1-1.4 em1,
We observed that the sample transmission varied with the amount of power
reflected by the optics and fed back into the laser diode cavity. The
feedback probably scans the few lonyitudinal modes across the laser diode yain

curve (typically 15 A wide). Since the absorption peaks of Nd:YAG in the

800 nm region are quite sharp (see Figure 31), a small shift in laser
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frequency results in a significant variation in absorption. By modifying the
feedback power, the absorption coefficient was observed to becone as large as
~ 6 cnl,

Several methods were proposed to stabilize the LD wavelength. One is to
use the output beam from the second diode facet to monitor the wavelength by
temperature tuning, or feedback tuning. A second one is to temperature bias
the diode so that its central frequency lies at the top of a broad and strong
absorption peak (say 98%, with AA of say 50 A), Then a variation in laser
frequency (at most ~ 15 A) will cause only a small variation of the absorption
(say, down to 90%), and a 10% stable fiber laser output. A laser diode
emitting at room temperature at A = 808 nm would satisfy these conditions
without requiring temperature tuning. This could be easily achieved by
mounting the diode on a thermoelectric cooler. We could also reduce or
eliminate feedback by using lenses with a round, rather than flat, front
surface, or by using optics AR-coated at 810 nm. Although such nethods were
not implemented under this program, the wavelength stability of this type of
LD was fairly stable under normal operating conditions. As will be seen in
SECTION V-C , optical feedback was not detrimental to fiber laser operation.
2, LD #X-2

Recollimation of the laser beam emitted by the high-power laser diode
from Xerox (#X-2) was performed with microscope objectives. The power
recollimated with a 44x, .66 N.A. objective was about 140 mW at full current,
or an efficiency of about 98% as with single-stripe diodes. However, because
of the relatively large size of the emitting area (~ 100 wm long) coupli;g

into small core fibers is difficult. In fact, the spatial incoherence of this
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source prohibits efficient coupling into fibers with cores much smaller than
100 um,

Coupling tests were performed with a 200 um core diameter, .3 N.A. glass
fiber with polished ends. The LD beam was recollimated and then focused with
two objectives, 0p and 0, , respectively. We show in TABLE 12 the maximum
power measured at the fiber output end (at full diode current) for different
objective combinations. The coupling efficiency refers to the fractional
amount of light transmitted by the second objective (02) that is actually
coupled into the fiber. The divergence of the recollimated beam had to be
adjusted in each case to optimize the transmitted power, so that in general a
fair amount of power was apertured by the second objective and lost. This
explains why the overall coupling efficiency (from LD to fiber output) was

relatively low, at best 27%.

TABLE 12
COUPLING DATA FOR LASER DIODE #X-2

i
0,/0; Pout ,max Coupling |
(mW) Efficiency
10x/10x <10 < 10%
44x/20x 31.5 39%
20x/20x 34 47%
20x/44x 30 45%
20x/5x 27.5 42% |
|
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The maximum coupling efficiency was achieved when the two objectives nhad
identical focal length. This result was expected since, in principle, this
imaging system has a magnification of unity. The image of the diode emitting
area formed on the fiber input end then has the same size as the diode
junction (~ 100 um x .5 um). The reason why the 20x/5x and 20x/20x
combinations give essentially the same result was, however, not clearly
understood. Our results are however compatible with the ~ 50% coupling
efficiency observed by Scifres and co-workers by butt-coupling a similar LD to
a 100 um core .3 N.A. fiber (Reference 20).

Finally the absorption coefficient of Nd:YAG at the laser diode
wavelength at maximum current was measured to be about 1.75 en~l.  This
suggests that the diode wavelengih is not quite, but fairly well, optimized to
the peak of absorption of Nd:YAG. Small amounts of feedback were also found
to modify the laser wavelength, although to a lower extent than the single-

stripe LD from Hitachi.

C. LD-PUMPED FIBER LASERS

in this section we report measurements performed on LD-pumped Nd:YAG
fibers, using the single-stripe diode from Hitachi (Sections 1 through 4) and
the multiple-stripe diode from Xerox (Section 5).

1. Fiber Lasers

Measurements on Nd:YAG fiber lasers pumped with Hitachi LD #H-2

(A, = 820 nm) were performed on fibers of array #2 (~ 230 um in diameter,

pe
4 mn in length). The highly-diverging output beam of the diode was
recollimated with a 20x microscope objective, so that the available pump power

was about 75% of the emitted power, or ~ 11 mW at full diode current. The
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fiber array was placed in a laser cavity made of two flat mirrors (HR and
Ty = 1% ), as done during previous measurements (see SECTION IV-A-1).

To‘facilitate laser cavity and pump beam alignment, the fiber was co-
pumped with the beam of a cwlargon-ion laser (Apl = 514.5 nm) using the
arrangement shown in Figure 35. The recollimated laser diode beam is focused
with a lens L, (focal length f, ) and launched into the selected fiber
through the high-reflecting mirror. The argon laser beam, after proper
optical isolation, is fed into the fiber through the output coupling mirror
using a lens L; (f, = 98 mm) . The output beam from the fiber laser
(As = 1,064 um), recollimated by the lens Ly » is diverted towards an
infrared camera and TV monitor with a dichroic filter (T = 80% at 514.5 nn,
R=99,5% at 1.064 um),

Before introducing the fiber in the cavity the two pump beans are
carefully positioned to be coaxial. This alignment is refined after placing
the fiber in the pump path. Cavity alignment then proceeds as follows. The
mirrors and fiber are first aligned to yield minimum threshold under the
pumping action of the argon laser alone. In a second step, the spatial
alignment and launching efficiency of the laser diode beam are rcfined by
using both pump beams and observing the reduction in argon-laser threshold
power caused by the presence of the laser diode beam. The argon-laser power
is thus gradually reduced until laser action is obtained with the laser diode
pump alone., The optical alignment is then adjusted for maximum fiber laser
output power (or lowest threshold).

Using this procedure, laser oscillation under the pumping action of the
laser diode alone was observed in several fibers of array #2, although most

subsequent measurements were performed in fiber #2-11. By repeating the
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alignment with different focusing lenses (L,) the focal length which gave the
best results was found to be f, = 45 mm (this value depends, of course, on
the degree of recollimation of the laser diode beam).

For the purpose of fiber laser characterization, the pump power incident
on the fiber was varied using a neutral density attenuator rather than current
control. The reasons for this choice are two-fold. First, a diode current
change induces a pump wavelength shift and a variation of the fractional
amount of pump power absorbed by the fiber. Second, in the setup used for
these measurements, current control was achieved by means of a trim
potentiometer placed in the same unit as the laser diode itself, so that
adjustment of the current also spoilad the optical alignment. The current was
thus set at its maximum value and a variable neutral density wheel was placed
in the path of the pump beam. This wheel has a variable optical density which
increases linearly along its perimeter from zero to ~ 2-3. B8y rotating the
wheel about its axis, the pump power could thus be varied without upsetting
the optical alignment.

The lowest observed threshold was Pth,abs = 3.9 mW , corresponding to a
pump power incident on lens L, of 6.9 mW. The estimated fractional power
absorbed by the fiber was ~ 56% of the power launched into the fiber,

1

corresponding to an absorption coefficient a =20 em™" .

abs
The output power dependence on the pump power was obtained'by measuring
the output power from the fiber laser downstream from the 1.064 um spike
filter (see Figure 35) while the pump power was increased. The output power
was displayed on a chart recorder as the optical density wheel was slowly

rotated with a DC motor. A typical output curve is shown in Figure 36. It

shows a very nearly linear growth of the output power with increasing pump
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power., These curves were calibrated by performing individual absolute
measurements of the threshold and maximum output power. Figure 37 shows an
expanded version of the response curve of Figure 36 after proper
calibration. In this particular measurement the absorbed pump power at
threshold was 4.2 mW, and the maximum fiber laser output power was .2 mW. The
slope efficiency, measured from Figure 37 was 9.5% (with a Ti = 1% output
coupler). The value of the round-trip cavity loss 60 inferred from this
efficiency, given by [Eq. (25)], is 0, = 8.1% . Assuming a value of

2.2 % 10'4cm2/watt for the gain coefficient k (compatible with

1.38 x 10°% at 514.5 nm), we obtain an eife.'ive pump nmode area

A; = 2.3 % 107%n? .

Note that from these results we can extrapolate that with a 5% output
coupler the threshold would be about 6.3 mW, with a slope efficiency up to
27%. Using a laser diode emitting 50 mW and the same experimental
arrangement, the maximum fiber laser output power would be about 5 mW. This
suggests that at least a few mi'liwatts of power at 1.064 um should be
obtainable from these fiber lasers when implementing the high-power diodes

from Xerox.

2, Comparison between LD and Argon Laser Pumping

Comparison between the operation of a given fiber laser pumped at

Apl = 514.,5 nm and Apz

efficiency of laser diode pumping. From our theoretical model alone we expect

= 820 nm yielded important information on the

the laser threshold to be proportional to A;/Ap , and its slope efficiency to

be proportional to Ap (see SECTION III-B). Therefore for a given fiber
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laser, the ratio of the thresholds when pumped with Apl and Apz should be

* *

P A A A
Rth = .—tLI. = _.Lz . _.%1 = 1.59 _-%l (54)
pth,2 Ap1 ApZ Ap2

3 A
B 1. plo .63 (55)
S . N
2 p2

Threshold measurements repeatedly indicated that the ratio of thresholds
was significantly smaller than the maximum anticipated value of 1.59 [see
Eq. (54)]. This suggested that the laser diode effective pump mide area
A;z was not optimized to its minimum possible value, which prompted a
systematical investigation of the optimum focal length for the focusing lens
Lo (see Figure 35). However, even with the optimum lens (f2 ~ 45 mmn in our
particular experiment arrangement) Ren  was still measured to be in the range
of .65 to .81,

This discrepancy was attributed to the astigmatism of the laser diode
beam. In essence, the astigmatism between the parallel (parallel to the plane
of the diode junction) and the perpendicular (perpendicular to the junction)
directions results in dissimilar focusing properties in these two directions,
which in turn prevents simultaneous optimum beam focusing in both directions.
Astigmatism affects pump focusing in two ways. First, because of wavefront
curvature astigmatism the locations of the two waists W, and W, inside the
crystal or fiber no longer coincide. Second, because of astigmatism in the

beam dimensions, those two waists cannot both have the same minimum value,

........



The magnitude of the first effect was estimated by using Gaussian mode
propagation theory. Although an exact calculation is made difficult by our
lack of knowledge of the diode beam characteristics, the study of reasonable
extreme cases shows that this effect is fairly small. For typical diode
parameters (waist radii of 2-5 wm in one direction, and 10-100 um in the other
direction), and for the parameters of our own experiment, we found that the
distance A between the waist locations inside the laser material is in the
range of 0-3 mm, This value is smaller than the pump Rayleigh range (or fiber
length) and is not expected to significantly affect the pump-to-signal mode
overlap and laser operation.

Analysis of the second effect, developed in APPENDIX F, shows that the

minimum achievable pump spot size & is increased by astigmatism in the

,opt
beam dimension in a predictable manner. It depends on the pump astigmatism

X = wl/w' as follows:

(56)

1 (circular mode) and increases when x departs

i.e,, it is minimum for x

either way from this value.
For the fiber lasers tested, L =4 mm and n =1,82 , while the laser

diode astigmatism was visually estimated to be x = 1/4 . The calculated

optimum pump waists are then W = 14,4 ym [Eq. (F-7)] and

1,opt

W = 37.5um [Eq. (F-6)]. Taking the signal mode radius to be

2,opt

NS = 31 um , as measured previously in fibers of array #2 (see Section

IV-B-3), we obtain from Eq. (F-9) the value of Ry, = .80 .
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This result compares well with our measurements, which indicated values
between .65 and .8l. The scatter in our measurements is probably due to a
residual misalignment of the fiber laser cavity with respect to one of the
pump beams. The similarity of theoretical and experimental results is,
however, good enough that we are confident we understand the mechanism
involved here.

The value of A; calculated from this mode is A; = ﬂ/2(312 + 37.52) X

108 = 3,87 x 10-%cm? for this particular laser., It agrees well with the

'Scmz). This simple

value derived from laser measurements (A; = 2.3 %10
model of pump beam astigmatism is therefore quite satisfactory.

The fiber laser slope efficiency ratio R, was also observed to follow
theoretical predictions. In the particular example of the laser characterized
in Figures 36 and 37, the slope efficiency was about 4-5% when pumped with
514.5 nm, versus ~ 9.5% when pumped at ~ 820 nm. Again the slight difference
between this experimental value Rg = .47 and the theoreteical value of .63
[Eq. (55)] is probably due to a residual cavity misalignment. This result
provides an experimental demonstration of the greater energy conversion
efficiency of Nd:YAG fiber lasers when pumped via the ~ 810 nm absorption

band.

3. LD-Pumped Bulk Nd:YAG Lasers

To obtain a useful comparison with fiber laser performance, we also
investigated the characteristics of a laser diode-pumped bulk Nd:YAG laser.
Crystal #4 was used for these measurements (see TABLE 4). This crystal, doped
with .9% of neodymium, is 2 x 6 mm in area and 4 mn thick. The two faces
perpendicular to the laser direction (crystal thickness) were polished and

left uncoated for laser operation. The crystal was placed in a cavity made of
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two R = 10 cm mirrors, namely a high-reflector and a .5% transmitter. The
same experimental arrangement described earlier (Figure 35) was also used for
laser tests.

Following the alignment procedure outlined earlier, laser action was
obtained very easily in this crystal. The threshold was brought down to as
low as Pth,abs = 1,5 m , corresponding to 4.7 mW of pump power incident on
lens L . The average measured value of the crystal absorption coefficient
at the laser diode wavelength at full current was about 1.9 cml,

Figure 38 shows the output power curve of this laser when operated with a
.5% transmitter. In this particular measurement, alignment was somewhat less
than optimum, with a threshold Pth,abs = 2,1 mW ., The maximum output power

at 1.064 um was .8 mW at maximum pump power (P = 4,6 mW), corresponding to

abs
a slope efficiency of 33%. The laser cavity total round-trip loss calculated
from these data is 60 = 1.2% . Subtracting mirror transmission (.5% and .1%)
we obtain a single-pass crystal loss of about .3%, including residual Fresnel
loss at the uncoated crystal faces.

In a second set of measurements, a 1% transmission output coupler was
used as a better match to the crystal loss. The mirror curvature was flat
(R = =) while the high reflector was unchanged (R = 10 cm). The threshold was
then Pth,abs = 1.7 mW , and the maximum output power 1.63 mW at 4.1 md of
absorbed pump power (Figure 38). The slope efficiency was thus about 63%,
compared to the maximum achievable efficiency of .82/1.064 = 77%. In this
configuration, over 80% of all absorbed pump photons were transfurmed into
coherent output photons. At maximum output power the 1,064 um beam had the

same linear polarization as the pump laser, as expected. It was also running

in the fundamental spatial mode, with no observable astigmatism (as
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anticipated, the mirror curvature eliminates astigmatisin by focusing the
signal beam equally well in all directions). Higher order modes were also
observed by offsetting the cavity with respect to the pump beam.

The cavity loss inferred from the laser efficiency is 60 = 1.,23% , or a
single-pass crystal loss of about .12%. This figure suggests that in the
measurement done with the .5% output coupler the pump beam was not perfectly
aligned with respect to the fiber laser cavity (again, under the best
conditions, the threshold with a .5% coupler was 1.5 mW, versus 2.1 mW in
Figure 38).

Calculated values of A; in the .5% and 1% output coupler lasers are
7.9 x 1072¢mé and 6.0 x lu'scmz, respectively. These two values agree well
with each other, and with the theoretical value of 6.3 x 10'5cm2
(wS = 51 um, wp = 37.5 um) .

4, Discussion

The results of the above series of measurements and comparison between
them yields useful conclusions on the operation of Nd:YAG fiber lasers.
Measured data are summarized in TABLE 13. They show that laser parameters
(absorption coefficient and gain coefficient « ) are practically identical
for Nd:YAG bulk crystals and fibers. Also, as observed previously, the fiber
provides a substantial signal confinement, which results in a lower value of
A; in fibers than in bulk. This potential threshold reduction is however
offset by the higher round-trip loss observed in fiber lasers, on the order of

10 to 30 times larger than in bulk. We refer the reader to the next section

of this report for further discussion on the subject of fiber loss.
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MEASURED PARAMETERS OF BULK AND FIBER Nd:YAG LASERS

TABLE 13

(A, ~ 820 )

*
LASER TYPE o, K A 0
(cmz/w) (cmz) (dB/cm)
BULK ; 3
1.9 en-l 4 +2x 10 ~ 7 x 10 013 - .033
(crystal #4)
FIBER 2.1 em! ~ 4.2 x 107 ~3x 10" ! .40
(#2-11) !

Finally we should point out that both bulk and fiber lasers showed quite

stable output powers when operated with a laser diode.

Minor amounts of

optical feedback from the fiber laser optics into the laser diode provided a

convenient means of shifting the laser diode wavelength and of optimizing it

to a peak of absorption of Nd:YAG.

After sexeral hours of continuous

operation at full diode current the fiber (or bulk) laser output was

essentially unchanged.

to a gradual misalignment of the laser cavity.

Any noticeable drift from one day to the next was due

This misalignment is expected

to disappear in future fiber laser cavities in which the mirrors will be

directly bonded onto the fiber ends.
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5. LD-Array-Pumped Lasers

Using the experimental setup described in Figure 35, laser action was
observed in crystal #4 pumped with a laser diode array (#X-2). The laser
cavity was made of an HR and a .5% output coupler, both with a radius of
curvature of 10 cm. Various combinations of recollimating and focusing
optics 01/02 were tested. The best results were obtained when the LD beam
was recollimated with a 44x objective (01) and focused into the crystal with a
45 mm lens (0,).

Threshold was reached at a current of 390 mA, or a pump power incident on
lens 0, of 31 mW., To optimize the pump spot size in the crystal the beam
incident on lens 0, was made slightly diverging, so that this lens transmitted
only half of the incident power. Using the measured absorption coefficient of
1.4 cm'l, the absorbed power at threshold was estimated to be 5.5 mi. At full
current the maximum Nd:YAG laser output power was 3.4 mW, corresponding to a
slope efficiency of 17.5%.

As the diode current was increased from its threshold value (the current
control knob of this power supply is mechanically uncoupled from the laser
diode) the Nd:YAG laser output power was observed to increase and vanish a few
times before finally increasing steadily to its maximum current value. These
cancellations were attributed to a shift of the diode wavelength which occurs
as the current is increased and the junction temperature rises. As the pump
wavelength scans the absorption spectrum of Nd:YAG, the fractional absorbed

pump power P varies greatly and fluctuates from above to below the

abs
threshold value P, . This effect is, however, not serious for practical
applications of fiber lasers since laser power control can be achieved by

other means, for example externally.

- 146 -



Comparison of the laser operation of crystal #4 pumped with a single-
stripe diode or with a diode array yields interesting conclusions., First the
threshold is about 3.7 times higher when pumped with the array. Reference to
Eq. (56) suggests that the astigmatism of the array is probably responsible
for most of the threshold increase. In physical terms, the outermost lasers
of the diode array produce beams which are focused at a large angle to the
Nd:YAG laser axis, and to a large extent the power they carry does not
contribute to the Nd:YAG laser gain. The threshold increase indicates an
astigmatism x = 1/16 for the diode array, in agreement with direct
measurements. Also, the slope efficiency is lower than observed with the
single-stripe diode pump (17.5% versus 33%). Again this is due to the largye
astigmatism of tne pump beam, as shown in APPENDIX F (off-axis LD beams are
focused at a large angle and overlap poorly with the signal beam),

Laser action in Nd:YAG fibers of array #2 pumped with the diode array has
not been observed so far, although some cooperative effect with the 514.5 rm
pump beam was observed. We believe this situation is due to several
reasons. First, for reasons exposed earlier, the pump beam could not be
focused tightly enough, and a large fraction of the available pump power was
not coupled into the fiber (see SECTION V-B-2). Second the fractional coupled
power has a very strong astigmatism, as described above. Finally these
measurements were performed at the end of this contract and more extensive
tests were precluded by time constraints.,

However, we believe the present situation can be improved by at least
partially correcting the astigmatism of the diode array beam. Initial
attempts at correcting the astigmatism of single-stripe diodes with

cylindrical lenses are in fact encouraging (this correction was successfully
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achieved at the Xerox Research Center (Reference 24). Alsu, the use of phase-
locked arrays should allow much tighter focusing. Finally, the implementation
of fiber lasers with bonded mirrors will enable us to use shorter fucal lenyth

lenses to focus the pump beam and couple efficiently into crystal fibers.



SECTION VI
FIBER LASER LOSS ANALYSIS

Comparison of the results obtained with bulk and fiber lasers have shown
throughout this work that two major differences exist between these lasers.
First, mode confinement, and consequently the gain per unit pump power, is
much greater in fiber than bulk devices. Second, the round-trip cavity loss
is several times larger in fiber than in bulk lasers. These two differences
were in general such that fiber lasers were not as efficient at converting
pump photons into signal photons as bulk lasers. During the second half of
this contract a significant effort was therefore devoted to the investigation
of the origin of this higher loss. A number of potential loss mechanisms were
identified, which can be divided into three main categories. The first
category, referred to in the following as optics-related mechanisms, includes
the mechanisins related to the various optical surfaces encountered by the
optical signal and their respective alignment. The second category
incorporates all material-related mechanisms, in particular the potential
differences in structure and laser properties that may exist between Nd:YAG
fibers and bulk crystals. The last category includes fiber-related
mechanisms, i.e., loss mechanisms resulting from less than ideal waveguide
properties.

Extensive efforts were made to characterize each of these mechanisms and
estimate their relative magnitude, This effort was quite successful, and led
to the identification of what we believe are the two dominant loss mechanisms
in the fiber lasers described here. The first one is aperturing of the signal
mode by the fiber., The second mechanism is residual crystal bulk defects in
larger diameter fibers. We report in this last section the series of

observations and measurements that led to these conclusions.
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A.  OPTICS-RELATED LOSS MECHANISMS

1. End-Face Scattering

Imperfections in the polishing of the end-faces of the fiber or in its
AR-coating can introduce signal loss by distorting the phase-front of the
optical signal, which then cannot constructively interact with itself, This
was observed in fiber array #1 which was the first array fabricated by our
polishing method and showed a higher degree of end-face imperfections in
earlier work. After a second polishing, the fiber end quality turned out to
be more uniform, and the fiber ends showed better edye definition. As a
result, most of the lasers of this array exhibited improved performance.

2. Mirror Defects

Mirror surface defects and coating quality, which can introduce loss
through scattering or less than ideal reflectance, were thought for some time
to be a significant source of loss. However, by interchanging miniature
mirrors and curved mirrors in several fiber lasers no differences in operating
characteristics were noted. We believe all mirrors used had as good a quality
as could be,

In subsequent arrays, end polishing was carefully controlled by visual
observation before placing the fibers in a laser environment. By placing a
drop of index-matching liquid (n = 1.5 - 1.7) between each fiber end and
mirror in different non-AR-coated fiber lasers, we observed in general no
measurable improvement in laser performance. These results clearly indicated
that in most cases (a) the mirror reflectivity is not affected by the liquid,
(b) as described earlier a careful cavity alignment can essentially phase-
match Fresnel reflections to the main reflections, (c) the end-faces of the

fibers do not contribute to much scattering (it would otherwise be reduced by
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the liquid matching effect, which would show up as a reduced threshold).

It is worth noting here that it was our impression throughout this work
that the use of liquids was not adequate for the kind of power levels at which
lasers were routinely operated. Most liquids vaporize in a few seconds under
the impact of 100 mW or more of pump power (A = 514.5 nm). Also, because of
the relatively high threshold and incident pump power, thermal instabilities
developing within the liquid often prohibited lasing action. The only
improvement cbserved (in fibers of array #2) was a greater mechanical
stability and ease of adjustment, as expected. This advantage is huwever
relatively minor compared to the new problems introduced by the presence of a
liquid in the optical cavity.

3. Cavity Alignment

A less than ideal cavity alignment can significantly reduce the signal
build-up. An important aspect of cavity alignment also involves the alignment
of the pump and signal beams, which must be coaxial to take full advantage of
the available optical gain, as shown earlier. Any relative offset or tilt
will result in a lower gain (higher threshold) and lower slope efficiency,
i.e., a lower apparent round-trip loss (see APPENDIX D). Similarly, fiber
ends should be parallel to each other and perpendicular to the fiber axis in
order to minimize additional losses due to odd incidence angles at the mirrors
and fiber ends. We noticed that non-parallel fiber ends and fiber tilts
introduce significant additional loss - if ony because tilting the mirrors to
compensate for odd angles prevent bringing the finite-size mirrors as close to
the fiber ends as can be. Also, bends in the crystal fiber are expected to
introduce coupling of the signal mode to higher order modes in a guided

configuration, and some degree of mode clipping in an unguided configuration.
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However, we believe that our fiber processing and mirror alignment
procedure is good enough that such effects are negligible in the present
configurations of the fiber lasers, as demonstrated by the high performance of
bulk lasers processed and aligned in a similar manner.

4, Mode Coupling

The different intensity distributions of the guided fiber mode and the
unguided spatial mode (between the mirrors and the fiber ends) existing in the
cavity make coupling from one to the other at the fiber-air (or liquid)
interface less than unity. In this case loss can result from scattering into
other modes. Analysis of LPpi-to-TEMyy Gaussian mode coupling shows that this
effect can amount to 1% per pass (4% per round-trip). This effect may
actually not be so disastrous in the case of thin mirror-to-fiber spacings
because of evanescent coupling.

The situation is more favorable in guided fibers supporting Gaussian
modes (waist radius Wo )o The loss mechanism is then associated with the
change in waist radius and curvature of the signal mode as it travels from the
fiber end to the mirror and back. Theoretical analysis then shows that in the
case of flat (or nearly flat) mirrors, this loss can be kept to a minimum by
reducing the fiber end-to-mirror spacing below an adequate value. As a useful

result we reproduce here the apprcximate form of the coupling loss experienced

by the signal mode at each mirror:

x ¥ h
AT =( : 2) (——) (57)
mn wo ZR

where h 1is the fiber end-to-mirror spacing, n is the index of the medium

between fiber and mirror, and ZR = nnwg/As is the signal Rayleigh ranje
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(outside of the fiber).

For exampie, in an unclad fiber of diameter d = 100 um , the guided mode
radius is approximately Wy = 32 um , and losses are brought below
AT = .1% (.2% on a round-trip) by making the fiber-to-mirror spacing smaller
than h = 100 um (assuming air is in this spacing).
' In all our measurements fiber-to-mirror spacings were made quite small,
gf{en to the point where the mirror was contacting the fiber holder. \e
therefore believe coupling losses were quite small. Again the fact that high-

i

g?rformance bulk lasers were demonstrated with similar spacings confirms this

belief.
3.  MATERIAL-RELATED LUSS MECHANISMS

1. Solarization

A potential material-related loss mechanism is solarization of the fiber
material under the impact of ultraviolet radiation (Reference 25).
Solarization of the laser material from exposure to the uv fluorescence light
from the argon-ion laser tube or from the uv lamp during epoxy curing would
induce crystal damage essentially irreversible at rcom temperature. This
mechanism seems however rather unlikely, since it generally occurs in
Nd:glasses but is minimal in Nd:YAG. In bulk Nd:YAG lasers pumped with flash
lamps, no significant crystal damage due to solarization is visible after
hundreds of hours of operation, although flash lamps emit a considerable
amount of ultraviolet light. Although this uv light is generally filtered
before reaching the YAG rod to reduce heating effects, a flash lamp-pumped rod
probably receives a far greater amount of uv radiation than our samples do

during epoxy curing.



2. Pump Quantum Efficiency

It was also suggested that 500 nm pump photons may have a lower pumping
efficiency than longer wavelength (such as ~ 810 nm) photons, but our own
measurements in 514.5 nm pumped miniature Nd:YAG lasers rule out this
possibility. In these bulk lasers we observed a slope efficiency as high as
43.6%, i.e., a photon conversion efficiency of 90%, which indicates that the
pumping efficiency of 514.5 nm photons in Nd:YAs is at least as high as 90%.
However, we should mention that we observed that the pumping efficiency of
488 nm photons (also from an argon-ion laser) may be as much as 50% smaller
than that of 514.5 nm photons. This is to be correlated to other authors'
observations that the blue lines of cw krypton lasers (A ~ 470 nm) were not

nearly as efficient as the 752.5 nm line for pumping Nd:YAG (Reference 25).

3. Nd-Concentration

The important issue of the actual concentration of Neodymium present in
CMR-grown Nd:YAG fibers was raised early in this work. This concentration
plays an important role in the laser overall performance as it affects
simultaneously the crystal quality, the material absorption coefficient, its
fluorescence lifetime and stimulated emission cross-section. In cw YAG lasers
the optimum concentration of Nd is approximately 1%, although slightly lower
concentrations are sometimes preferred as they yield better optical quality
crystals. This value provides a good compromise between low threshold and
efficient pump absorption. In general, low-threshold operation is achieved
for Nd-concentrations between .5 at.% and 1.4 at.%. At a concentration of
~ 2% the combined effect of poorer crystal quality and lower gain per unit
pump power results in a threshold approximately 10 times hijher (Reference

12).
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Although other authors have shown that the concentration of Nd in Nd:YAG
fibers is essentially unaffected by successive regrowths of the fiber
(Reference 4), it was still interesting to attempt verifying this fact for
CMR-grown fibers. Three methods were used for tﬁis purpose, namely mass-
spectroscopy, fluorescence lifetime measurements and fluorescence spectra
measurements,

(a) Mass-spectroscopy Analysis

A selection of fibers with different diameters was sent to an
outside facility for mass-spectroscopy measurements. However, during the
vaporization stage the fibers sprang out of their crucible and were lost.

Only the larger diameter source rod yielded any useful result, not yet
comnunicated to us. Further attempts will be made using crushed fibers to
avoid the loss of fiber. This method should yield very accurate data, with an
absolute error smaller than .1%.

(b) Fluorescence Lifetime

The second method relies on the measurement of the fluorescence
lifetime of excited Nd-ions, which becomes concentration dependent through
quenching for Nd-concentrations larger than ~ 1%. This lifetime was measured
by exciting the fiber with low power ~ 4 msec pulses from an argon-ion laser
(at A = 514,5 nm ) at a repetition rate of ~ 1 kHz, The fluorescence
emission of the fiber is collimated with a microscope objective, filtered and
detected with a germanium detector and displayed on an oscilloscope. A
typical trace is shown in Figure 39(a). The upper trace is the pump pulse,
the lower trace the fluorescence pulse. Figure 39(b) (concluded) shows the
fluorescence tail (just after the pump pulse has been turned off), decaying

exponentially as expected.
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Figure 39(a)--Upper Trace: Pump Pulse fed into
Single Crystal Fiber. Lower Trace:

Fiber Fluorescence. Horizontal
Scale: 1msec/div.

\

Figure 39(b)--Typical Decay of the Fluorescence
emitted by a Fiber after Pump Turn-
off (Fiber #3-4). Horizontal Scale:
100 usec/div.
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In early measurements the pump pulses were produced by mechanically
chopping the argon laser beam, which produced pulses with falltimes of 40-

50 usec, large compared to the fluorescence lifetime of Nd:YAG
(Tf ~ 230 usec). Measurements were repeated in which the mechanical chopper
was replaced by an acousto-optic beam deflector for greater absolute
accuracy. The detection system was also upgraded to a response time of
~ 1 usec. The fluorescence lifetime Te was retrieved from fluorescence
curves by fitting each individual curve to an exponential function
exp(-t/Tf) . Repeated measurements with this improved system showed a good
reproducibility. Also, the oscilloscope time scale was checked to be accurate
to better than.0.4%. The estimated error on the measured value of Te Was
+ 4 usec.

We summarize in TABLE 14 results obtained with fibers from several
arrays, including BTL- and CMi-grown fibers, and bulk samples. The following
remarks can be made from these results. First, BTL-grown fibers have about
the same Te as bulk Nd:YAG. Second, some CMR-grown fibers show a lower
fluorescence lifetime than expected, close to 210 usec. A possible

interpretation proposed earlier was that the concentration may increase with

decreasing fiber diameter, as suggested by selected data points (Figure 40;
Nd-concentrations were inferred from Tf using published results (Reference
12). Since three growth iterations are required to go from a 1 mm source rod
to a 100 micron diameter fiber, it suggests that the Nd-concentration
increases by about 16% per growth. This figure is unusually high, and higher
than the maximum value predicted by our fiber growth specialists (< 10%).

This hypothesis was further tested using Nd:YAG fibers of various diameters

(50 um, 100 um, and 250 um) grown successively from the same 500 um ground
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SUMMARY OF FLUORESCENCE LIFETIME MEASUREMENT RESUL_TS

TABLE 14

Origin Fiber Diameter T¢
Number (um) (+4 usec)
Bulk Crystal #4 235
!
!
BTL } 9-1 ~ 65 236
BTL ! 9-4 ~ 65 233
BTL ; 9-5 ~ 65 226
BTL i 9-7 ~ 65 230
BTL : 4-1 80 230
BTL ' 4-2 79 228
BTL 4-3 81 233
BTL 4-5 80 233
CMR 1-1 93 210
CMR 1-4 107 210
CMR 1-6 98 199
CMR 1-11 84 207
CMR 2-3 223 215
CMR 2-5 234 218
CMR 2-6 243 211
CMR 2-13 228 212
CMR 7-1 18 236
CMR 7-2 80 233
CMR 7-3 90 233
CMR 7-4 86 231
CMR 7-5 87 231
CMR Grown ~ 500 220
CMR from ~ 250 230
CMR the same ~ 100 237
CMR parent ~ bl 221
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source rod. They indicate that at least for some fibers Te is not strongly
dependent on fiber diameter (see bottom of TABLE 14).

The results of these measurements are inconclusive as to the dependence
of Te on fiber diameter. At the present time we are still unable to provide
a clear explanation for the discrepancy between CMR-grown and BTL-grown Nd:YAG
fibers. Two hypotheses were proposed earlier to explain the Te reduction in
CMR fibers, namely the stress-effect of the epoxy used to mount the fibers,
and the effect of uv radiation on the crystal (which could be related to
solarization). Since BTL fibers were processed in exactly the same way as CMR
fibers, these possibilities appear rather unlikely. Tests done on fibers
grown from the same parent and on fibers from array #7 indicate however that
not all CMR-grown fibers have a lower Te o The apparent fluctuations in our
results have more recently led us to believe that fibers may not be
consistently grown with the same crystal quality and/or chemical purity, or
that our measurement of tf may be influenced by another unknown parameter.

A second chemical analysis of the fiber composition was initiated to finalize
this issue. Results were however not available before the submission of this
report,

(c) Fluorescence Spectra

Fluorescence spectra of Nd:YAG fibers excited with a low power

(P.,. ¢ 50 mW) 514.5 nm beam were recorded using a ~ 10 A resolution

abs
monochromator followed by a sensitive detector. A large number of fibers and

bulk samples of different origin were tested. We show in Figure 41 typical
4 3 4I

3/2 9/2
111/2 transition (Figure 41(b))

fluorescence spectra, corresponding to the °F transition

4 4

(Figure 41(a)) and to the F3/2 i

(concluded). Comparison with published spectra shows no noticeable difference
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860 nm 890 nm 920 nm 950 nm 1048 nm 1058 nm 1068 nm 1078 nm

(a) (b)

Figure 41--Fluorescence Spectra of Nd:YAG Fiber #2-7 excited
with ~40 mw at 514.5 nn. (a) 4F + 4 Transi-
H 2327 o2 "
tion (A ~ 900 nm), (b) F3/2 -+ 111/2 Transition
(A ~ 1060 nm).
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other than slightly broader fluorescence peaks in our spectra due to our
instrument-1imited resolution (Reference 26). After calibration, values of
splitting ratios computed from these spectra for the various transitions of
interest agreed well with published data. However, within the resolution of
our instrument, no differences were noticed between any of the spectra
measured, whether originating from Nd:YAG fibers or bulk crystals.

The conclusion of these measurements, however, may not be significant as
the exact effect of impurities or Nd-concentration on the fluorescence
spectrum of Nd:YAG is not known, and may be too small to detect. A better way
to measure the Nd-concentration would be to do a calibrated measurement of the
emitted fluorescence power at a given excitation level. However, such
imeasurements were made difficult by the guiding effect of Nd:YAG fibers, which
increases the fluorescence level at the fiber output and is difficult to
normalize out. Absolute absorption measurements may yet be the best method to
determine the crystal fiber doping level. An in-house spectrophotometer is
currently being modified to accommodate samples in a fiber form for future
measurements.,

(d) Discussion

These measurements have failed to give a definite figure for the
doping level of the Nd:YAG fibers used in this work, although they seem to
indicate that no anomaly exists. The absorption and laser characteristics of
Nd:YAG fibers agreed so well with the characteristics of bulk Nd:YAG
throughout this work that we believe the compositions of the fibers and of

their bulk parents are very similar. We expect that future absorption and

mass-spectroscopy analysis will confirm this point.
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C. FIBER-RELATED LOSS MECHANISMS

1. Evidence of Aperturing

Several types of waveguide imperfections may be responsible for a loss
increase in fiber lasers. The first one, mentioned earlier in this report, is
surface scattering arising from microscopic ripples on the surface of the
fiber. This is expected to become a major effect in smaller diameter fibers
in which the signal is guided by the fiber outer surface. A second effect is
bulk scattering due to fiber crystal defects of various origins. These two
major scattering mechanisms define what we may call a lower-loss path through
a given fiber (as we shall see, bulk defects are in general not uniformly
distributed within the fiber) surrounded by higher-loss regions. Since these
lower-1oss regions are smaller than the fiber itself, some degree of signal
aperturing occurs which induces signal diffraction and represents a loss
mechanism, This aperturing effect also provides mode confinement, as
described earlier (see SECTION IV-B).

OQur experimental results clearly indicate that signal aperturing was
present in all the fiber lasers tested under this program. The following
arguments support this statement,

(1) Al fiber laser cavities were made of a flat-flat mirror
configuration, which is essentially an unstable resonator. In this type of
resonator, signal confinement is generally provided by the finite transverse
size of the optics. In our case it had to be provided by the finite
transverse dimension of the gain medium, i.e., of the Nd:YAG fibers.

(2) In all fiber lasers, and even in the largest diameter fibers, a
strong mode confinement was observed. The mode size was always smaller than
predicted on the grounds of total internal reflection (TIR) at the fiber/epoxy

interface alone,



---------

(3) As the aspect ratio of the fiber is increased, aperturing of the
signal in the cavity becomes stronger. The signal becomes more strongly aware
of the fiber surface, near the fiber ends at first, then towards the center of
the fiber, and signal loss due to fiber surface imperfections increases. This
interpretation is consistent with our experimental measurements, as sho'n in
Figure 42 where the measured round-trip loss of a few fiber lasers was plotted
versus their aspect ratio (Ap = 514,5 nm). The lowest loss fibers were
~ 250 um in diameter and 4 mm long (aspect ratio of 16). The highest losses
were observed in ~ 80 um in diameter, 12 mm long fibers (aspect ratio of 150).

(4) Conversely, as the fiber diameter was reduced the fiber gain per
unit pump power was observed to increase, which also reflects a stronger mode
conf inement,

(5) In the Nd:YAG fiber lasers developed at BTL a few years ago, signal
aperturing (and signal guidance) was deliberately avoided by using (i) curved
mirrors with radii of curvature on the order of a few fiber lengths (a few
centimeters), and (ii) small aspect ratios (< 100) (Reference 5).

(6) Signal aperturing or guiding also explains why higher order
transverse modes were never observed in our fiber lasers, even when pumped
several times above threshold, whereas they were easily obtained in bulk
lasers. Just like in other types of lasers, mode discrimination occurs in
fiber lasers as a result of differential modal loss introduced by signal
aperturing. Note that in the unguided fiber lasers developed at BTL, higher

order modes were observed by misaligning the optical cavity (Reference 5).
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(7) Fibers are expected to exhibit different levels of scattering, which
explains why the characteristics of fiber lasers in a given array were
observed to vary from fiber to fiber.

For these reasons we strongly believe that signal diffraction (or
scattering) due to aperturing is responsible for a major part of the residual
loss observed in our fiber lasers. Again the two classes of aperturing
mechanisms, bulk and surface scattering, have different relative magnitudes
which depend on the fiber diameter, as discussed below.

2. Fiber Scattering

Burrus and Stone noted early that Nd:YAG fibers larger than 250 win grown
faster than about 5 mm/min showed "cracked" cores due to differential thermal
expansion (Reference 4). Observation of some of their cracked-core samples
under a microscope in back-reflected light indeed showed a darker region of
core defects in the center of the fiber (Reference 6). Such defects were
responsible for a substantial propagation loss, typically .5-1 dB/cm as
measured in earlier fiber samples. In fibers with smaller diameters such
defects were, however, not optically recognized. Because the CMR fibers are
customarily grown at a slower rate, fibers with diameters smaller than
~ 300 um (and all the fibers used in the present work) do not exhibit any
visible cracked cores when viewed under a microscope.

To explain the residual loss observed in larger diameter fiber lasers
(array #2), a number of optical tests were performed. When viewed between
crossed pélarizers, some degree of birefringence was observed. This
birefringence was quite small as the polarization of a laser beam was
essentialy unaltered after propagation through any of the fibers. Direct

measurements of the transmission loss of these fibers were also performed.
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Such apparently simple measurements are in fact relatively inacccurate, as
they involve the detection of smail losses and are easily influenced by other
parameters such as the state of the fiber end and the exact Fresnel loss at
each fiber end, which is not always accurately known. However, they indicate
a typical fiber excess loss of a few percent for fibers of array #2. This
loss increases with wavelength, as expected for a scattering phenomenon .

By shining a visible laser through a given fiber and projecting a
magnified image of the fiber end on a screen, we found more recently that the
focused laser beam, approximately 50 um in diameter, would not propagate
uniformly through the fiber. The fibers appeared to be cracked at several
places varying from fiber to fiber, so that in most of them the beaw could
propagate with little loss only through a single area of the fiber. At the
present time we are unable to provide a definite explanation for the sequence
of events that led to this condition. Inspection of other fiber arrays showed
similar defects in other fibers, although most of them exhibited a clear
“window". By polishing a fiber array (array #16) several hundreds of microns
below its initial surface and periodically inspecting its surface, it was
found that some of the bulk defects are located near the polished surface.
These defects may therefore occur during the fiber end processing, possibly
when the fibers are cut prior to mounting or prior to polishing. Tnis
operation is normally done with a diamond saw, which may induce cracks in the
fiber near the cut. This hypothesis is currently being checked by polishing

and inspecting additional arrays.
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D.  SUMMARY

The conclusion of these observations is that of all the loss mechanisms
possibly involved in fiber lasers, the dominant one is signal aperturing.’
Aperturing is caused by residual bulk defects in larger diameter fibers,
possibly caused by fiber processing, In smaller diameter fibers it is caused
by the fiber surface itself, whose surface irregularities scatter the signal
into higher order modes and radiation modes. This result emphasizes again the
importance of controlling the diameter of crystal fibers at growth, as well as

preserving their crystal quality throughout the processing operations.
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SECTION VII
CONCLUSIONS

Under this contract significant progress was made on the development of
Nd:YAG single crystal fiber lasers with a high degrea of optical
confinement. To the best of our knowledge it provides the first demonstretion
of such lasers in a guided form. Using in-house grown fibers, it led to the
operation of state-of-the-art cw fiber lasers with a maximum output of nearly
10 mW at 1.064 um in a fundamental and linearly polarized mode. It also
showed thet Nd:YAG lasers pumped with laser diodes at ~ 820 nm can exhibit
energy conversion efficiencies in excess of 60%. As expected, the pump-to-
fiber coupling efficiency was improved by using a laser diode as a pump source
instead ¢ an LED, and further improvements are anticipated.

The excellent pointing stability and mode quality of these fiber lasers
make them particularly attractive for single mode fiber applications. We
believe this work has helped to pave the way to the development of a large
number of other crystal fiber devices made of materials intrinsically less
efficient than Nd:YAG, which should greatly benefit from a guided fiber
geometry.

To take full advantage of the guiding properties of a fiber
configuration, signal confinement must be provided by a mechanism stronger
than spatial diffraction. In particular, if total internal reflection is to
be the main guiding mechanism, fibers with large aspect ratios should be
used. This work made a significant contribution in this direction, pointing
out in particular the importance and means of reducing signal propagation loss

in crystal fibers.
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Future work on single crystal fiber devices will concentrate on the
reduction of scattering loss in fibers. The development of clad crystal
fibers, now well underway, should yield significant progress in this
direction., Also, an improved growth station, in development at the Ginzton
Laboratory at Stanford University for the last 18 months, is now available for
routine crystal fiber growth.(a) Preliminary results indicate excellent fiber
diameter control, on the order of 1% or better, and considerable loss
reduction is anticipated. Future efforts will also address (1) the
optimization of the optical coupling between laser diode beams and optical
fibers; (2) the correction of the astigmatism of LD-beams; (3) further
miniaturization of fiber lasers; and (4) further crystal fiber diameter
reduction, now in progress with the recent demonstration of state-of-the-art
15 um Nd:YAG fibers. These efforts are expected to soon yield improved laser
performance and to promote the study of new types of cw and pulsed fiber

lasers as well as other fiber devices.
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APPENDIX A
EXPANSION OF THE OVERLAP INTEGRAL Jy(S,)

For simplicity the overlap integral [Eq. (10)] may be written in the

condensed form

r.s
3. = 4 22 a4 (A-1)
1
1 & Aso

where A = ccthI/n1 is the normalized signal photon density, and is
proportional to the laser output pover.
Mear threshold A~ 0 an expansion of the denominator of Eq. (A-1)

yields

1 1 A 2
3-— = J— + -J—2- FOSOdV (A-.{)
1 Q 0

where Jg = Jy(A = 0) s the modal overlap integral at tireshold. Therefore
the quantity (1/J) - 1/Jp) grows linearly with A .

Far above threshold (A + =) we can expand the denominator of J; [Eq.
(A-1)] in a series of 1/Asy terms. Since the mode distribution s
necessarily has zeros the quantity Asy vanishes at places across the laser
section, and this expansion may not be legitimate. However in the regions
where the expansion validity breaks down the nuuerétor of J; also
vanishes. The contribution of such regions to the integral is negligible, and
the expansion is actually quite accurate. A straightforward calcilation leads

to
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Here 12 is an overlap integral involving only the mode profiles ro and
Sg » while np is the fraction of pump power carrieu by the active region
[Eq. (24)]. Again 1/J; grows linearly with A .

Consequently, both near and far from threshold derivations lead to the
same A-dependence. Near threshold the dominant term is 1/J; [Eq. (A-2)],
while fa, above threshold it is A/np [Eq. (A-3)]. In the general case the

overlap integral [Eq. (A-1)] may the-efore be written as

| i! A
—_—F et — . (A'a)

Jl JO np

Comparison with the exact form of J; for typical examples shows that higher
order terms in A are actually negligible (see Sections III-C and III-D) and

Eq. (A-4) is accurate in most practical situations.
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APPENDIX B
CALCULATION OF GAUSSIAN MODE SPATIAL OVERLAP INTEGRALS

In cylindrical coordinates (r,¢,z) with the z-axis along the fiber
axis, the normalized distribution function of the fundamental Gaussian mode
(TEMgg) is (for the signal)

-2r2/N§
soo(r,z) =k e (B-1)
where W, 1is the mode waist radius (function of z ) and kK, @ normalization

constant such that sgpg 1is normalized to unity over the cavity volume

2
K = (B-2)
S 2
n R NS
where % is the length of the cavity.
Similarly, for the pump the distribution is taken in the form
- 42 -2r‘2/|fl2
ro(x,y,z) L e P (B-3)

for an end-pumped laser. E is the absorption coefficient of the laser
material at the pump wavelength kp . Normalization of rp(x,7,z) to unity

gives

14 = < 8 = (8-4)
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Evaluation of the filling factor Foooo requires the computation of
JI(O) [Eq. (12)] using ro and s, defined above. A straightforward

calculation yields

2

J,(0) = B-5
1(0) ;}1}55-:—535) (B-5)

where for simplicity W, and W, were replaced by their respective average

P
value Wb and W; (averaged along the crystal length).

For Fy100 ° the signal mode involved is TEMOI’ described by

8r2 2 -2r2/w§
7 cos e (8-6)

S

S (ryd) =
oLt? 0 W
Computation of the filling factor using Eqs. (B-3), (B-6), and « is again

straightforward and yields

2 we
p

(W) )
g 8

JI(O) E

- 174 -



APPENDIX C
LP,m FIBER MODES
Since the fiber numerical aperture is assumed to be small, the fiber
modes are taken to be of the LP-type, described for example by Marcuse

(Reference 11). In an (x,y,z) orthogonal coordinate system whose z-axis
points along the fiber axis, the optical field of an LP-mode is either x- or
y-polarized. Each set of modes (x- or y-polarized) has nonvanishing
components [(Ex,Hy) or (Ey'Hx)] which are described analytically by a set of
two expressions, valid in the core and in the cladding respectively, and
involving Bessel functions (Reference 11). For the purpose of evaluating

modal overlap integrals only the mode power density is required, given by

sl ¢ .
Sy, (Fs9) ?Exv’u Hyv’u (C-1)

It can be easily shown that the mode power density is the same for the x- and

y-polarized vau modes, and can be expressed analytically as

2

JZ(K Cos V¢ : ] 6B
i % r) 2 or r<a (C-2a)
S (r¢) sin vé
vut? 2 2
J, (xa) 2( ) cos V¢ : oy
c,. = K (vr or r»>a -2b
-’ Ks(Ya) “ sinvg

where a is the fiber core radius, Y, x and £ the transverse and

longitudinal propagation constants, Jv the Bessel function of order Vv, K,
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the modified Bessel function, and cvu a normalization constant such that the
power P carried by each mode is a constant., Note that each vau mode
(except v = 0) can’have either a cosine or sine azimuthal angle dependence.
In the present work, the power density is normalized to the cavity volume
rather than its cross section as is more customarily done. Any z-dependence
of svu must therefore be included to compute cvu . For simclicity we
assume the single-pass gain is small!, so that the signal intensity is
practically constant along the fiber length. This assumption could be avoided
by introducing the exact z-dependence of the signal, but it can be shown that
it only slightly changes the result while considerably complicating
calculations. With this approximation the signal normalization coetficient is
2 1

Cvu = 2 i (C-3)
Lome, Vo |Jv_1(KSa)Jv+1(KSa)|

where the s-subscript refers to signal quantities, Vg is the fiber V-number

at the signal wavelength [Eq. (40)], and e, is a coefficient resulting fraom

the azimuthal integration, equal to

e = (C'4)

In an end-pumping configuration the pump power is expected to te
relatively strongly absorbed as it travels down the fiber, so that the pump
power density shows a non-negligible z-dependence. Calling o the

absorption coefficient of the laser material at Ap ,» the pump power density
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is given by

2

2 -a,2 cos ng
Com Jn(Kpr) e { 2 rea (C-5a)

r(ry,z) 2 Al
nm Jn(xpa) 2( ) -a.2 { cos n¢ ( |
Con T K (y r)e r>a C-5b

. Kn(Ypa) P sin2n¢
«»
The normalization constant is now
Zyg 1 %

C = [ (C-G)

nm 2

-Q
Lmoe Vp lJn_l(Kpa)Jn+1(<pa)| (1 -e al)
We show in Figure C-1 the power density of a few fiber modes in a 50 um
diameter core fiber of Nd:YAG (n; = 1.820, n, = 1.815) at a signal wavelength
of 1.064 um, Note that in this example the V-number is relatively large
(~ 40), the fiber can support a large number of modes (approximately V2/2 =

800) (Reference 16), and the low order mode distributions are essentially

independent of the signal wavelength,
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APPENDIX D
EFFECT OF A RELATIVE PUMP OFFSET IN FIBER LASERS

We consider an end-pumped laser in which the pump and signal mode axis
are either offset or tilted relative to each other, and aim at an estimate of
the quantitative effect (and maximum tolerances) of such misalignments on the

laser output power characteristics.

1. Mode Alignment

For simplicity we only consider the most relevant case of single
fundamental mode laser operation and fundamental pump mode. A lateral offset
& , possibly a function of the position 2z along the active medium, is
assumed for the pump mode. The power densities of the signal and pump modes

are respectively taken in the form

(x2 + y2)
S(XO.YOZ) < KsexP ('2 _NQ__) (D"l)
s
(x - 8)% + y2
ro(x.y,z) = erxp (-2 NE ) (D-2)

where . and «x_ are normalization constants and W and Hp are the

p
signal and pump mode waist, respectively. It is understood that in the
following these waists are to be replaced (1) by their respective average

values (W_ and Wb) calculated along the length of the active medium

S
whenever the modes diffract significantly within the interaction region,
(2) by the mode waists in the case one of the modes is guided (the Gaussian

approximation is then quite accurate).
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2. Effect on the Threshold

To calculate the theoretical threshold we must evaluate the simple mode
overlap J1(0) (see Eq. (12)). After a straightforward and exact calculation
we find that the effective pump mode area is

2 2 R,..2 2
oo Tl Y W) e 28500+ W)

= D-3
Ap 3 e (D-3)

As expected, in the absence of offset (&8 = 0) this result is identical to
our earlier result, The effect of an offset may be better understood by

writing Eq. (D-3) in terms of a relative variation of threshold:

= e P (D-4)

where o = (ws/Np)2 as defined earlier, This increase in laser threshold is
plotted versus offset for a few values of a in Figure D-1. It shows that in
practical situations (a = 1/2 -2) , a (constant) offset of half a pump
waist radius (A/wp = 50%) results in a threshold increase of about 25%. For
a typical pump waist of 20 um, this result indicates an offset tolerance of

10 um, The threshold should therefore not be too critically dependent on a

constant offset (independent of 2z).



Solving the exact problem of an angular tilt between the two beams is
difficult. The offset & 1is then a function of z , and integration of the
overlap integral is complicated by the presence of a Gaussian term in 2z .

As a convenient approximation we shall assume an offset in the form
&6 = 072 (D-5)

where 6 is the relative angle between the mode axes, and replace & in

Eq. (D-4) by its average value © 4£/2 , where & is the active medium
-Q 2

length, This approximation is valid when the gain (dependence e 4 ) does
not vary much across the gaussian term, i.e. when the tilt angle is larger

than

W
054, = /?'ER (D-6)
a

which, for a typical wp of 20 um and absorption coefficient

- -1
aa- 06 cm

overlap depends very little on 8 ., With this approximation we find that

, equals 60 =5 md . For angles smaller than 00 the

L ) 2
ap 2(1 +a) W
—th . . Pl (D-7)

P

th

This dependence is shown in Figure D-1 for Np = 20 microns and % = 4 mm ,
The right side of the plots (8 > 5 mrd) is more accurate, while the
b < 5 mrd region is probably accurate within a factor of two. Although a

constant offset does not significantly spoil the laser threshold, a tilt
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induces a relatively large threshold increase. A misalignment of .5 degree
results in most practical cases in a 100% increase in the threshold. We
believe this figure is relatively exact (to within 20%) despite the
approximation made. The tolerance on the beam angular alignment is therefore
quite tight, and a 1/2 degree angle seems to be the upper limit of tolerable

misalignment. This requirement can be quite drastic when using non-guiding

lasers.

3. Effect on the Slope Efficiency

To estimate the effect of a relative offset on the laser slope
efficiency the second type of overlap integral, which involves a saturation
term, must be evaluated. Since it now involves a denominator to account for
signal saturation, the integral cannot be solved in a closed form. On the
other hand, the use of a computer would be rather lengthy. To derive an
order-of-magnitude estimate of this integral we assume that the offset A/Np
is large. We can then expand the denominator to first order. This
approximation is necessary only far above threshold. Near threshold the
following holds for any value of & , The overlap integral can then be
calculated, and the laser slope efficiency is found to be

T, hv
s = .1

> g, (8) (D-8)
00 hvp

where ga(A) is the offset function
4 s 2

a(a + 2) ) (o + 1)(a + 2) ( W
‘ ggla) = ——— & P (D-9)
(a +1)
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The slope efficiency is proportional to Sp = (Tl/do)(hvslhvp) , as found
earlier. Note that this result only applies to large & , and that for

A =0 ga(O) is not unity as would be expected. !'‘)wever, in the far-from-
threshold limit it is easy to show that the slope efficiency is independent of
6 , Thus, far above threshold, s = Sp ° We can therefore extend the

definition of ga(A) to

1 for A/Wp(( 1
g, (8) =
a(a + 2) 4 b 2
——— exp { - ( W ) for /W >> 1
(@ + 1) (@ + 1)(a+2) 'p !

(D-10)

We show in Figure D-2 the normalized slope efficiency s/so versus offset for

a few values of a . Solid curves are computed from Eq. (D-9). Dashed

curves are extrapolated to the small-offset region. In a typical situation

(« = 1) the efficiency is reduced by 20% for an offset of A/wp = 50% .
Again the influence of a tilt may be estimated by replacing in Eq. (D-9)

the offset & by its average value 6 %/2 . The resulting dependence is

shown in Figure D-3 for W_ =20 umand % =4 mm , Again the tolerance on

p
angle is rather tight. A tilt angle of 10 mrd (.6°) reduces the slope
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efficiency by a factor of two. Although this result may be pessimistic by as
much as a factor of two, it shows that alignment is critical for the laser
efficiency. A 1/2 degree angle seems to be again the tolerable upper limit.
Since in practice the measurement of the slope efficiency of this type of
laser is the most accurate way to obtain the cavity round trip loss 60 , We
show in Figure D-3 the error A60/60 in loss estimation due to an offset or a
tilt (again for Np =20um, & =4 mm) . In other words, the apparent cavity
loss indicated by the slope efficiency measurement will be 60 + AGO . Again
we find the error to be critically influenced by an angular misalignment,
Typically, an added loss AGO/GO of 50% is expected with an angle error of 6
mrd (.3°). The estimated loss is wrong by a factor of two for an angle of 1/2

degree.
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APPENDIX E
GUIDING MECHANISMS IN FIBER LASERS

We present here a brief summary of the possible guiding mechanisms
present in a fiber laser and the magnitude of their respective effects in

terms of a real or equivalent index gradient &n ,

1. Cladding

The core/cladding interface can provide a guiding effect if nj > n; ,
where subscripts 1 and 2 refer to core and cladding respectively. This
condition is currently satisfied, with n; = 1.816 and n, = 1.5 (epoxy).
This guiding mechanism can be by far the strongest one, as it can readily
provide a significant index gradient. Again, in order to reduce the
scattering effect of the core surface defects, this gradient can be lowered to

any desirable level by a proper choice of cladding material,

2. Index Gradient

An index gradient may exist across the fiber cross section, as a result
of a gradient of impurity concentration occurring during the growth and
cooling of the fiber. In the case of Nd:YAG fibers, the concentration of Nd3+
is expected to be higher on the fiber axis than on the fiber edge. In 1 at.%
Nd doped YAG, the index of refraction at 1.064 um is 1,1 x 10'3 larger than in
undoped YAG. Insofar as our fibers are approximately 1% doped, this figure is
also the maximum possible index change. Measurements of index profiles should

determine the magnitude of the gradient.
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3. Gain-Guiding Effect

The presence of a gain spatial profile in the laser suggests the
possibility of gain-guided modes. We show in Figure E-1 typical profiles in a
)

50 um core radius Nd:YAG fiber (n1 -n,= 5 x 1077) pumped with, and

oscillating on, LPg; modes. The n-parameter is the number of times above
threshold the laser is running. G(r) is the gain per unit length, averaged
along the fiber length and normalized to the loss per unit length. At
threshold (n = 0) the gain profile is the same as the pump profile. Above
threshold saturation flattens the gain profile, which rapidly converges to an
asymptotic rectangular shape as n + « ,

Near threshold the near-quadratic gain radial distribution makes it
convenient to use the standar~d results of quadratic gain media. It is

possible to show that the waist W of the gain-guided mode in such medium is

given by
W 4,42 2\1/4
-\ (E-1)
a (Yon a )

where a 1is the fiber core radius (active part), n its refractive index,

and Y, the unsaturated gain per unit length at linecenter. We can define an

0
equivalent index gradient &n by comparing this situation with the case of a
step-index fiber with V = 27 a/A/Zndn , for which, in the limit of moderately
large V ,

W 1.55

- % 64 +—7s (E-2)
372

o

which yields a complex but useful relation between 4n and Yo -

.................
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Applying this result to our fiber lasers, which have a gain of

-1

approximately Yo © .1 cm at threshold, and a = 50 um , we find

W/a = 2,75 , which indicates a very weak gquiding effect. The equivalent &n
computed from (E-1) and (E-2) is ~ 2 x 107° .

Above threshold the quadratic component of the gain profile decreases
(see Figure E-1). However, since the overall gain profile doesn't change
significantly (only a reduction of the on-axis gain by a factor of 2)
Eq. (E-1) is probably still valid provided Y

0
gain., Since W/a varies as Y61/4 » the resulting correction factor is thus

is replaced by the saturated

negligible (§ 20%) and the above result probably holds to a good

approximation,

4, x'(v)-guidance

Associated with the gain lineshape x''(v) (imaginary part of the
susceptibility x(v) ) is the real part x'(v) . For a homogeneously-
broadened laser x(v) has a complex Lorentzian distribution g(v) , whose two
components x'(v) and x''(v) are shown in Figure E-2. x'(v) can be related

to an index variation 4n(v) equal to

sa(v) = AL (E-3)

while x' and x'' are also related (Kramers-Kronig relations). It is easy

to show that

a(v) = (v - vg) alv) (E-4)
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where g(v) 1is the imaginary part of the Lorentzian distribution. From

Figure E-2 an(v) takes on optimum values at Vv = v _ + 4v/2 (nonguiding) and

0
Vo - 6v/2 (guiding) which is nqual to b0y = YOA/Bh (at threshold).
_ -1 - -7
Again, using Yo = .1 ¢cm ~ , one obtains Anmax 4 <10 ° ,

This mechanism provides negligible guidance. Also, only the longitudinal
mode(s) near Vo - 4v/2 would be guided. With temperature drift the laser

output would be expected to be unstable.

5. Thermal Lensing

It has been shown that the temperature gradient AT(r) in a laser rod
(or fiber) in which the heat Q is uniformly generated is
AT (r) = %E (a™ - r7) (E-5)
where K is the heat conductivity of the material and (Q 1is related to the
dissipated power P4 and the rod dimensions ( a and % ) by
P4

Qg x == (E-6)

Ta %

In a 50 um radius, 8 mm long Nd:YAG fiber we find AT/Pd = ,7°C/watt . In a
fiber laser with Py = 5 mW pumped 30 times above threshold, AT 1is smaller
than .1°C.

The effects of this temperature gradient, however small, are two-fold:
first, thermal lensing, second, stress-induced birefringence (next section)
can exist. The index gradient induced by AT(r) , known to provide a guiding

action (thermal lensing), is
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An.r(r) = -%E(%?-) r (E-7)

For an 8 mm long Nd:YAG fiber with Py = 300 mW , the amplitude of this

gradient is about 1.5 x 1075,

6. Stress-Induced Birefringence

The temperature gradient existing in a fiber laser generates internal
stresses which induce index birefringence. This effect has been quantified,
and can be quite large in high-power solid state lasers. However, because the
pump power involved in a fiber laser is small, it is negligible in our case.
With Py = 300 md we find that the gradient amplitude induced by thermal

stresses is 3.3 x 10'7 .

7. Index Nonlinearity

To first order the index change to nonlinearity is
A = £
Ay () Y I(r) (E-8)

where Y is the nonlinear coefficient of the laser material, and I(r) the
total intensity distribution. Using the same parameters as before

(a = 50 um, P_ = 300 mW) we find a gradient amplitude of 10-9. This

P
constitutes by far the least significant effect.

- 194 -



8. Summary

We summarize in TABLE E-1 the magnitude of the (real or equivalent) index
gradient expected for the above guiding mechanisms, together with some of
- their basic characteristics. Note that these values were calculated in a

worst case of unusually high power levels for fiber devices (Pp = 300 mW) .



TABLE E-I

MAGNITUDE OF THE INDEX GRADIENT PROVIDED BY THE GUIDING
MECHANISMS PRESENT IN A HOT FIBER LASER CAVITY
(Pp = 300 M, a = 50 um, £ = 8 mn)

Mechanism an Intensity v-Dependent
Dependent
Cladding 0-.8 No No
Gradient ¢ 1.1 %1073 No No
Gain Guiding 2 x 10'6 Somewhat Yes
x' Guiding < 4 x 1077 Somewhat Yes
Thermal Lensing 1.5 x 10°6 Yes No
Stress Induced 3.3 x 1077 Yos No
Nonlinearity ~ 1 x 1079 Yes No
- 196 -
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APPENDIX F
EFFECT OF PUMP ASTIGMATISM ON LASER CHARACTERISTICS

To qualitatively estimate the effect of the astigmatism in beam
dimensions of a pump beam (such as produced by a laser diode) on a fiber laser
threshold, we used the results of the Gaussian mode overlap theory presented
in SECTION III-C. 1In the following we call Hi and w: the waist radii of
the laser diode beam at the emitting facet of the junction in directions
1L and ¥ to the junction,respectively. After recollimation and focusing,
the beam waist radii are transformed into W, and W, , respectively, near
the focal plane of lens L, (and inside the fiber laser). Since only
spherical optics are used, the beam astigmatism x = wz/y: remains
uncorrected throughout the beam path, and

i,
i (F-1)
[

=

1

Wy

=

Along the fiber length the two waists vary according to the Gaussian beam
diffraction law. Following our earlier results, the average waist radius in

each direction along the fiber laser is given by [Eq. (33)]

2. _ 2
<w,> = w.(l + e')
(F-2)
2 2
HW> = W(l+e)
where € and €, are the diffraction terms
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€

_ 2

é * 9
W

0

N

and 62 a constant of the waist radius

(F-3)

(F-4)

Here L 1is the fiber length and n the fiber material refractive index. The

average pump mode area is therefore

" 2 i 2
(_Z- (W“> + 3 <N_L>)

N e—

Ay

(F-5)

Its minimum value (optimum threshold), computed by letting dApZ/dHf =0 and

using Eqs. (F-1) through (F-5), is given by

For the circularly symmetric argon beam, we find by letting x =1 and

replacing A by A

p2 pl :

Ap,l,opt : “/EI

where ¢_ is defined similarly to ¢

1 2
A21L2
€ = —-%—
1 3n n2
- 198 -

...........
--------

(F-0)

(F-7)

(F-8)



Inserting Eqs. (F-6) and (F-7) in Ry, = Pth,l/pth,z LEq. (54)] we find that

Ye
! . (WZ +__1)
S |
Rep = 2 s (F-9)
t -
5 A =2 — 1+ x
pl (NS +/&,2 ————x )

where ig is the average signal waist radius along the fiber laser.

Equation (F-9) shows that in the absence of astigmatism (x = 1),
diffraction is stronger for the diode beam than for the argon laser beam
(Apz > xpl and €, > el) and contributes to lowering the ratio of
thresholds Ry, . Astigmatism (x # 1) makes matters worse by increasing the
minimumn achievable beam area. Note that a change in astigmatism direction is

not expected to modify the magnitude of this effect. This fact is reflected

in the invariance of Eqs. (F-6) or (F-9) under a change of x into 1/x .
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